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Summary 
 
It is as yet undetermined whether mobile phone exposures can cause any biological changes 
and effects that may lead to adverse health effects in humans.  At a distance of within 2 cm 
from a user’s head mobile phones can radiate radiofrequency (RF) pulsed signals in the range 
of 450 - 2500 MHz at specific energy absorption rates (SARs) of no more than 2 W/kg (as 
measured over 10 grams of tissue), which is a recognised general public limit.  At present, the 
frequency range of mobile phones is known to be far too high to cause cell excitation 
(occurring at frequencies < 100 kHz) and SAR levels respectively are too low to implicate 
levels of heating which may cause temporary brain dysfunction such as lowered performance 
in a complex learned task (associated with SARs in the order of 4 W/kg, or an excess of a 1˚C 
temperature rise).  Accordingly, it is presently not understood whether mobile phone exposures 
can cause biological effects at all.  Nevertheless, given that recent statistics have indicated that 
the number of mobile phone users worldwide currently exceeds 1.7 billion people, a 
comprehensive health risk assessment of mobile phone usage is crucial. 
This thesis aims to determine whether RF pulsed exposures from mobile phones can influence 
nervous function within the human brain and heart.  In order to address this objective, a robust 
double-blind study to investigate mobile phone exposures on nervous response has been 
undertaken by means of analysis of electrophysiological test measures of brain wave activity 
and heart responses.  In general, test measurements of the electroencephalogram (EEG), the 
electrocardiogram (ECG), and the pulse plethysmogram (PPG) (for indications of blood 
pressure response) have been undertaken whilst participants are exposed and sham exposed to 
various GSM mobile phone radiofrequency and low-frequency protocols.  In initial work, both 
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standby and full-power mode GSM exposures have been investigated in a pilot study (Chapter 
3 - EEG investigated only), while pulsed 900 MHz and 1800 MHz continuous wave exposures 
have been investigated in the final experimental work involving 100 participants (Chapter 8 – 
EEG, ECG, and PPG measures are investigated).   
In order to prepare for the conduct of the major study, several preliminary investigations were 
undertaken to address identified gaps or inadequacies in the current body of literature.  This 
work has led to the development of several novel investigations, solutions, and findings, which 
form the basis of the thesis Chapters.  A number of important points of note that summarise the 
original contribution of work to the field of research are: 
 
1. An original test handset has been developed to test multiple mobile phone exposures on 
test participants.  This was specifically undertaken to overcome experimental 
confounding factors such as acoustic cues, heating, and low frequency interrupts, that 
would otherwise be present with use of a real mobile phone 
2. Comparative analysis of results at two mobile phone exposures with carriers 900 MHz 
and 1800 MHz on the same group of participants in simultaneous experiments, has not 
been performed earlier, and has importantly contributed to observation of new findings 
3. New characteristic changes not reported by others, are demonstrated near to the health 
protection limits for both exposures investigated, 900 MHz and 1800 MHz 
4. The major investigation conducted is the largest known to be undertaken in terms of the 
number of participants (N = 100) where work has been conducted on the resting EEG 
effects due to mobile phone exposures in the eyes closed condition (at 900 MHz and 
1800 MHz) 
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5. A novel statistical analysis method which accounts for both type 1 and type 2 error 
correction is presented.  The novel analysis method has been critical for observing 
previously unseen changes in human brain wave activity 
6. New interesting findings are presented, which quantify a characteristic change within 
the EEG alpha band (8 – 12 Hz) and demonstrates a most interesting new finding, 
which is specifically that there appears to be a consistent decrease at 900 MHz but a 
consistent increase at 1800 MHz in power spectral density both at 16 Hz.  This result is 
especially interesting as the experimental protocol required both exposures to tested be 
over a randomized, counterbalanced sequence 
7. Complete quantification of the electric field distribution (at both 900 MHz and 1800 
MHz) inside and around a realistic computational head model fitted with modeled 
electrode leads in a standard array is new.  The outcomes of this work is critical to the 
understanding that EEG leads in the presence of mobile phone exposures do not 
significantly change recorded SAR levels (changes of 4 - 5 %) inside the heads of test 
participants.  New computed findings that EEG lead lengths are also variables in the 
behaviour of the electric field distribution inside the head is also an important outcome 
8. Original experimental protocol permitting the measure of blood pressure response 
during the actual time of exposure is presented.  Previously, studies have shown that 
blood pressure requires to be measured manually using an arm-cuff following exposure 
so that movements (sitting and standing) do not interfere with brain-wave activity 
recordings.  The experimental approach incorporated into this study overcomes this 
dilemma by utilizing an analysis of the recorded ‘pulse-plethysmograph’ or PPG 
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alongside the electrocardiograph (ECG), in order to determine simultaneous changes in 
blood pressure during the time of exposure.   
Several important outcomes have also been determined from the main experimental work 
conducted (as described in further detail in Chapter 8).  These outcomes specifically include: 
 
 An observed ‘characteristic’ response in the EEG alpha band (8-13 Hz) as due to 900 
MHz exposures at almost all recording sites in both hemispheres.  Notably, this 
response only appears at 900 MHz although is not observable at the 1800 MHz 
exposure tested.  The characteristic response seen in the EEG is considered an 
important finding as it has not been identified previously, yet it seems to go some way 
in explaining the partial effects observed in alpha rhythms by others 
 An EEG effect due to both 900 MHz and 1800 MHz exposures notably appearing at 16 
Hz is observed from almost all recording sites.  Most importantly, at this beta rhythm 
only a decreasing tendency in EEG power can be noted amongst the 16 electrode sites 
tested at the 900 MHz exposure but only an increasing tendency in EEG power may be 
noted at 1800 MHz, suggesting that the direction of the effect in EEG power may be 
dependent on the RF component 
 Effects only due to the ‘RF’ components of 900 MHz and 1800 MHz appear to 
influence the EEG, and not the 217 Hz pulse component 
 Effects at 900 MHz on the contralateral side to exposure, namely the central, temporal, 
and parietal sites appear to indicate a common median difference response between 
sham and exposure EEG spectral power, which is not evident on the ipsilateral side to 
exposure  
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 Exposures of 900 MHz or 1800 MHz (as pulsed at 217 Hz) do not appear to alter heart 
rate, heart rate variability (HRV), or blood pressure variability (BPV).  This result 
appears to be consistent with most previously published research as indicated for heart 
and blood pressure responses    
 
All findings determined by the experimental work conducted can be classified into the category 
of ‘short-term’ effects as particularly given that maximum exposure durations did not exceed 
five-minute intervals for any given trial.   
 
In regards to future work, several major points of recommendation are suggested: 
 
 
1. A very limited amount of studies have been conducted on children to investigate mobile 
phone exposure effects on brain and heart activity.  Although it is understood that the 
brain response is not fully developed until adulthood, there appears to be no real 
physiological restriction in examining younger participants of the same age, for 
example, 50 male 13 yr olds.  Examining children for such effects is crucial particularly 
as it is possible that maturing brain at earlier ages could be more susceptible to adverse 
health consequences 
2. Investigation of longer duration times of continuous mobile phone exposures on test 
participants at rest is in need to be undertaken in both brain and heart investigations.  
The present body of literature at best generally indicates outcomes of 30-minute 
continuous mobile phone exposures.  While these duration times are absolutely 
adequate for trials it would be interesting also to see the effects of mobile phone 
exposures on brain and heart activity at durations up to one hour or more.  In such a 
study, it would be recommended that vigilance activities such as auditory or visual 
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tasks would need to be investigated and wisely incorporated during exposure times, in 
order to sustain consistencies in recorded brain and heart data 
3. Based on the results contained within this thesis, the EEG rhythm 16 Hz is strongly 
outlined as a point of new interest for susceptibility to phone exposures.  Consequently, 
it is recommended that the spectral power density within this band be robustly 
quantified in any future research.  In analysis, care should be taken not to just consider 
grand-averaging across EEG bands, which as explicitly indicated in Chapter 7, can 
most easily mask the potential RF effect at 16 Hz 
4. The alpha band in EEG studies is still raising ongoing concerns that a change is present 
in brain waves due to various mobile phone exposures.  Future work should focus on 
incorporating a rigorous high standard of statistical analysis, not yet consistently 
observed.  Replication of the statistical analysis proposed in this thesis is highly 
recommended 
5. Finally, a call for better RF dosimetry, larger sample sizes (at least 50 participants), and 
double blinding, are all critical factors that need to be incorporated into future research 
to improve on the quality and integrity of outcomes in both brain and heart research.  
Observation of Tables 2.1 – 2.4 within the thesis highlight these existing inadequacies  
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Chapter 1 
 
 
Background  
& Introduction 
 
 
The following Chapter provides a necessary background and introduction to the 
investigation of the effects of mobile phone exposures on nervous function in the human 
brain and heart.  Specifically, this chapter outlines the problem associated with mobile 
phone exposures with respect to health implications, provides a brief on theoretical 
concepts associated with electromagnetic fields, discusses important aspects regarding 
the specific energy absorption rate, and outlines the concept of athermal effects and 
mobile phone exposures.  In addition, a concise background on the nervous system is 
provided alongside a necessary outline of the origins of the electroencephalogram (EEG), 
the electrocardiogram (ECG), and blood pressure.  
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1.1 The Issue Associated with Mobile Phone Exposures 
and Human Health 
 
 
During operation, mobile phones can emit energy in the form of electromagnetic fields, 
which can be absorbed by a user’s head.  However, it is presently unclear whether this 
electromagnetic energy can cause biological consequences or adverse health effects.  
Mobile phone usage around the world is enormous and is still on the rise.  Currently, it is 
estimated that there is over 1.7 billion mobile phone users globally.  Consequently, if 
there were to be adverse health implications due to exposures from mobile phones, the 
effects could be widespread amongst vast populations.  It is thus vital that all present and 
valid possibilities of biological effects due to mobile phone radiated fields be examined 
and resolved. 
Various studies so far examining biological effects of mobile phone exposures have 
included the investigation of potential connections to cancer, cell division, blood pressure 
alteration, induction of epilepsy, depression in melatonin levels, DNA strand breaks, 
effects on the eyes, and human cognitive alteration, to name a few.  However, although 
many of these branches of studies continue to provide plausible leads for means of further 
research, as it stands only questionable evidence supporting the existence of mobile 
phone exposures causing biological changes may be indicated. 
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1.2 Theoretical Concepts of Electromagnetic Fields 
 
 
Exposures generated from mobile phones are produced in the form of Radiofrequency 
(RF) Electromagnetic Fields (EMFs).  EMFs can be mathematically defined in free space 
using four field quantities namely the Electric field intensity (E), the Electric flux density 
(D), Magnetic flux density (B), and Magnetic field intensity (H).  The four fundamental 
EMF quantities and corresponding Units are summarised in Table 1.1 below [Cheng D., 
1989]. 
 
 
 
 
 
 
 
 
 
In static EMFs, the electric (E and D) and magnetic (H and B) fields form two individual 
vector quantities.  However, this is unlike time-varying electromagnetic fields, in which 
case time-varying magnetic and time-varying electric fields are uniformly coupled and 
propagate dynamically by one field component continuously producing the other over 
distance.  The velocity of EMFs in free space is known to be a constant 299,792,458 m/s 
 
Field  
 
Field Quantity Symbol Unit 
 
Electric field 
intensity E V/m 
Electric 
 
 
 
Electric flux 
density 
(Electric 
displacement) 
D C/m² 
 
 
Magnetic 
Magnetic flux 
density B T 
 
Magnetic field 
intensity H A/m 
Table 1.1   Indicated are the four fundamental electromagnetic field definitive quantities. 
Source: Cheng D., 1989   
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(c, or the speed of light).  The medium in which the EMFs exist, directly influence the 
relationship between E and D and between B and H.  The relationship in free space 
between electric flux density D and electric field intensity E as well between the 
magnetic flux density B and the magnetic field intensity H is indicated in Table 1.2 
below [Cheng, D., 1989][Benson, H., 1991].  As transverse waves, the electric and 
magnetic field components of EMF plane waves exist at right angles to one another and 
also at right angles to the direction of the wave as depicted in Figure 1.1 below. 
  
 
Relationship between the Electric 
and Magnetic field quantities Applicable Constants 
 
 
Permittivity of free space,  
 
 
 
Permeability of free space,  
Relationship between the field 
constants and EMF velocity: 
 
 
Speed of light, 
 
 
ED 0ε=
m/F10854.8 120 −×≅ε
H  B 0µ=
m/H104 70
−×pi=µ
1
c
00µε
=
s/m103c 8×≅
Table 1.2   Indicated is the mathematical relationship between the Electric and Magnetic field 
quantities of electromagnetic fields as defined in free space   
 5 
James Clerk Maxwell was able to describe the propagation of time-varying 
electromagnetic waves through four fundamental equations (as valid in any point in free 
space).  The differential, and corresponding integral forms of equations are indicated 
below in Table 1.3 [Cheng D., 1989].   
 
                                                                               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Direction of 
propagation 
Figure 1.1  Indicated is a theoretical representation of the relationship between the Electric 
and Magnetic fields as described for EMF propagation as a plane wave (source: 
www.ehb.itu.edu.tr/~sparker/em_review) 
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Over a significant propagated distance, EMFs may be categorised into two regions 
namely the near-field and far-field.  The near-field can be further divided into two 
regions namely the reactive near-field and the radiating near-field.  While specific field 
characteristics of an EMF may be quantified accurately by calculation in the far-field, in 
practice near-field calculations can carry large uncertainties given that in this region 
plane wave characteristics have not been established and the relationship therefore 
between the field quantities can be highly non-linear.  The reactive near-field is 
definitively the distance within /2 from the radiating source, where  is the wavelength.  
Therefore, the reactive near-field distance from a mobile phones radiating antenna at 900 
MHz or 1800 MHz can be found to be approximately 5.3 cm or 2.65 cm respectively 
(notably within the region of a mobile phone user’s head).  On the other hand the far-field 
distance may be defined as the region extending beyond 2D2/  (considering an antenna 
dimension D) or 0.5 , whichever is the greater [ARPANSA Std., 2002].  In the far-field 
region the electromagnetic field from the mobile phone has formed a uniform plane wave 
such that the ratio of electric field intensity ‘E’ to the magnetic field intensity ‘H’ is 
constant.  It follows that in free space: 
 
 
 
impedance)(wave
0
ΩΩ
ε
µ 3777.376
H
E 0
≈== (Eq. 1.1) 
 7 
In the radiating near-field region the finite angular field extent is known to be dependent 
on the distance from the radiating source and is defined as the region between the 
reactive near-field and the far-field boundary [ARPANSA Std., 2002]. 
Far-field estimations of field strength may be given by the power flux density equation:   
  
 
 
where S is in units of W/m²,  P is the power to the antenna in Watts,  G is the linear 
isotropic gain,  and d is the distance from the antenna in metres.  Corresponding power 
flux density expressions in terms of E and H are as follows: 
 
 
 
 
 
 
2d4
PG
=S
2
2
H
E
S ==
377
HES ×=
(Eq. 1.2) 
(Eq. 1.3) 
(Eq. 1.4) 
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1.3 The Specific Absorption Rate and Athermal   
Biological Effects due to Mobile Phone Exposures 
 
“Most radiofrequency (RF) field standards are based on the premise that there exists a 
threshold specific absorption rate (SAR) of RF energy (for frequencies above about 1 
MHz) of 1-4 W/kg, above which there is increasing likelihood of adverse health effects” 
[WHO EH Criteria 137, 1993]. 
 
 
Definitively, SAR is a measure of the rate of energy absorption per unit mass, and is most 
often expressed in terms of Watts per kilogram (W/Kg) [IEEE 1528 Std., 2003] given 
that: 
 
 
where  (S/m) is the electrical conductivity, E is the RMS value of the electrical field 
strength vector (V/m), and  is mass density of the medium (kg/m³).  In standard practice 
limitations of the amount of RF energy that communication devices may introduce to a 
user are identified in terms of SAR [ICNIRP, 1998].  SAR is presently determined by 
robust measurements of the electric field strength using a miniature automated E-field 
probe inside a specific head model phantom filled with liquid with dielectric equivalent 
properties for head tissue.  Inside the tissue-equivalent liquid, SAR may also be 
expressed in terms of the rate of temperature rise as is defined  by: 
 

2E
SAR = (Eq. 1.5) 
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where c is the specific heat capacity, T is the change in temperature, and t is the 
exposure duration.  However, currently SAR in terms of temperature is difficult to 
dynamically assess in practice particularly as there are limitations to the sensitivity and 
inter-ranges within human head phantoms to which temperature probes can measure low-
power devices [IEEE 1528 Std., 2003].   
Mobile phones are permitted at most in some countries to produce SAR levels ranging up 
to 2 W/kg while exposures from mobile phone antennas have been estimated to produce 
temperature rises inside the head of up to approximately 0.6˚ C [Hirata et al., 2003].  
Although mobile phones can produce low-level heating in the head it is currently 
accepted that the body's normal thermoregulatory system may adequately compensate for 
this low-level energy deposit.  Consequently, given that there is no adequate scientific 
evidence to substantiate biological effects due to RF fields at subthermal or athermal 
levels, mobile phone exposures are not found to initiate adverse health effects.  However, 
on the other hand established thermal consequences of RF fields as principally arising 
due to incident electric field interaction causing ionic motion and rotation of polar 
molecules (of mainly water compositions), are well-defined [WHO EH Criteria 137, 
1993][Carpenter & Ayrapetyan, 1994].  Coupling of low-frequency time-varying RF 
magnetic fields to the human body can also occur that in turn induce electric fields and 
currents at magnitudes proportional to the radius of the induced electric field as well as 
0tt
Tc
=
=

SAR (Eq. 1.6) 
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the electrical conductivity of tissue and the magnitude and gradient of the magnetic flux 
density [ARPANSA Std RPS3, 2002].  
In terms of athermal RF biological effects, related investigations can be found in excess 
of several thousand, nevertheless there still remains debate as to whether RF biological 
effects as resulting from mechanisms other than heating actually exist.  Interestingly, 
Adair [Adair, 2003] summarised in existing biophysical terms reasons why some believe 
that it is theoretically improbable that there are athermal effects of low intensity RF and 
microwave exposures.  Specifically, noted RF interactions and corresponding 
characteristics addressed on the molecular scale were inclusive of rotational motion of 
molecules with significant dipole moments, opening of voltage gated channels, 
electrostrictive forces on cells and induced dipole moments, molecular resonances, as 
well as magnetic field effects (free radical pair recombination).  The examination of these 
interactions was conducted in the perspective that external influences generating a 
response would not be masked by biological endogenous noise.  Adair concludes, “I hold 
that our prior knowledge establishes that it is unlikely that weak fields generate any 
biological effect.  Hence, any experimental results that seem to indicate such effects, 
effects that are a priori most improbable, must be especially definitive.”   
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1.4 Nervous Response in the Human Brain and Heart  
 
The underlying aim of investigations conducted and described in this thesis is to 
determine whether nervous function in the human brain and heart can be influenced by 
mobile phone use.  In Chapter 3 a pilot study is conducted to investigate the effects of 
both standby and full-power mode GSM signals on the EEG alone, while Chapter 8 
describes the major study incorporating 100 participants where both pulsed 900 MHz and 
1800 MHz RF signals are investigated on measures of the EEG and ECG as well as on 
blood pressure responses via measures of the pulse plethysmograph (PPG). Hence a 
necessary background to the nervous system is provided with an adequate brief on the 
EEG, ECG, and blood pressure.  
The nervous system may be divided into two formally categorised systems namely the 
central nervous system (CNS) and the peripheral nervous system (PNS).  The peripheral 
nervous system may also be further divided into two complex networks, namely the 
sensory somatic system (SNS) and the autonomic system (ANS).  For the purpose of this 
research, it is important to identify that the brain is in particular part of the CNS (together 
with the spinal cord), while the heart is part of the ANS, by which it may be regulated.  
As can be observed in Figure 1.2 below, the CNS (as concerned with the brain) and the 
ANS (as concerned with aspects of heart regulation) are connected to one another at the 
spinal cord. 
The ANS may be divided into two further systems, namely the sympathetic system and 
the parasympathetic system. The sympathetic nervous system is known to function as an 
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involuntary preparatory system for an emergency, while the parasympathetic system is 
known to involuntarily rebalance the body - In these circumstances the sympathetic 
impulses may activate to increase heartbeat and constrict arteries, while parasympathetic 
impulses may reduce heartbeat and dilate the arteries [Alcamo & Krumhardt, 2004].   
 
 
 
 
Figure 1.2. Shown is the general network of nerve fibers of the autonomic nervous 
system within the human body as identified by the sympathetic and parasympathetic 
nervous systems (Picture source: Alcamo & Krumhardt, 2004) 
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The medulla oblongata, which forms a major part of the ‘brain stem’ connecting the brain 
to the spinal cord, is known to coordinate the sympathetic impulses that regulate 
heartbeats as well as blood pressure.  Blood pressure can be thought of as the pressure 
that blood forces upon arterial walls within the body.  In particular, sympathetic neurons 
within the medulla oblongata called the ‘vasomotor center’ can function for example to 
reduce the diameter of arterial walls, which in turn would increase blood pressure. 
 
 
1.4.1 Measurement of the EEG, ECG, and Blood Pressure 
Unlike blood pressure, the brain and heart can produce measurable electrical responses.   
Neurons in the brain can produce summated electrical potentials at the cellular level in 
the order of milli-Volts.  In particular, ‘pyramidal’ cells that are located in the cerebral 
cortex (the outermost layer of the brain) generate moving currents in the extracellular 
space amounting from dipoles produced across the active neurons. Potential differences 
existing between clusters of pyramidal cells themselves and the scalp cause electrical 
current to flow to the scalp surface where it may be measured by electrodes in the order 
of micro-Volts [Fisch BJ, 1999].  An electrical current measured over time at the scalp 
surface will produce a resulting ‘EEG’ signal.  EEG signals may be measured as the 
electrical difference between two brain site locations such as across the frontal, central, or 
occipital hemispheres of the brain, called differential recordings, or likewise may be 
measured as a referential recording of the difference between a ground reference and a 
single scalp location in order to obtain its full magnitude. An example of a real-time EEG 
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recorded signal is provided below alongside a Fast Fourier Transform (FFT) of the signal 
to demonstrate its spectral characteristics (Fig 1.3). Notably, the spectral distribution may 
be divided into four clinically significant bands of which signal strength has been found 
to correspond directly to different behavioural states. For example, relatively higher theta 
rhythms (~4 - 8 Hz) are known to correspond strongly to sleep [Steriade M, 1993], while 
awake and relaxed states may cause prominent alpha rhythms (~8-13 Hz) and may 
particularly be found to correspond to long-term memory performance [Klimesch, 1998].  
Indeed oscillations of the EEG have been shown to be driven by thalamo-cortical activity 
[Silva et al., 1991][Sternman, 1996][Mochizuki et al., 2005], although it should be stated 
that mechanisms of the substantiated rhythmic generation of the EEG is still largely not 
understood.  Power spectral density of the EEG may extend up into the order of 100 V2 
for referentially recorded responses within the clinically significant range of ~1 – 32 Hz, 
however responses of much lower spectral densities may be found to extend up to gamma 
rhythms in the order of 80 Hz where investigations of neuropsychiatric disorders such as 
schizophrenia may be investigated [Herrman & Demiralp, 2005]. 
 
 
 
 
 
 
 15 
 
 
 
 
 
 
 
 
 
 
In comparison to the real-time complex signal of the EEG, the ECG provides a far more 
basic electrical response.  Nonetheless, the ECG provides some very useful information 
about heart functionality.  The ECG may be identified by a characteristic waveform that 
represents one heart cycle or heartbeat (Figure 1.4).  In adults the number of heartbeats 
per minute typically ranges from approximately 60 – 80, however in newborn children 
expected heartbeats can range up to and around 150 beats per minute.  Each measured 
heartbeat may be characterised by the P-wave, QRS-wave, and the T-wave as illustrated 
in Figure 1.4 below.  The cardiac cycle begins by ‘self-excitation’ of the heart’s atria 
muscle through Purkinje fibers by impulses sent from the ‘sinoatrial’ (SA) node located 
in the right-atrium (Figure 1.4).  These impulses firstly depolarise and contract cells of 
‘autorhythmic’ tissue, causing the atria to contract (cycle represented by the P-wave).   
Figure 1.3.  Shown is a real-time EEG signal as well as its spectral distribution as generated by 
performing a FFT.  The spectral distribution as illustrated may be divided into four clinically 
significant bands namely, delta, theta, alpha, and beta. 

V
2  

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Next, a second node called the ‘atrioventricular’ (AV) node, located in the interatrial 
septum (Figure 1.4), processes signals received from the SA node that are processed 
through a bundle of Purkinje fibers (the bundle of His) to then contract left and right 
ventricles of the heart (represented by the QRS-wave).  Repolarisation of the heart allows 
for the recovery from the ventricular contraction (as represented by the T-wave).  After a 
regulated duration by the SA node, the heart is prepared to repeat the process.   
Formal measurement of the ECG can be obtained via surface electrodes positioned across 
the body such as in a standard 12-lead ECG, that is across the chest, wrists, and legs 
[Rautaharju P. and Rautaharju F., 2007]. Leads measuring voltage potential across the 
body caused by the depolarisation and repolarisation of heart function may also be 
 
Figure 1.4  Shown is a typical real-time ECG waveform as identified by its 
characteristics, namely the P-wave, QRS-wave, and T-wave.  As illustrated, the atria and 
ventricle contractions of the heart through one cardiac cycle or heartbeat, correspond 
directly to the ECG’s wave characteristics (Picture source: Alcamo & Krumhardt, 2004) 
Interatrial 
septum 
Right 
ventricle 
Left 
ventricle 
 17 
determined by ‘unipolar leads positioning’ requiring leads on the limbs only, such as on 
both wrists and one on the ankle [Wilson et al., 1934][Goldberger, 1942].  
Unlike the EEG and ECG, blood pressure is not an electrophysiological response though 
may be measured by a ‘sphygmomanometer’ in terms of the ratio of ‘systolic’ over 
‘diastolic’ pressure.  Typical readings of blood pressure can be expected around 120 mm 
Hg over 80 mm Hg, respectively.  To determine systolic pressure, an inflatable cuff of a 
sphygmomanometer may be placed around the upper arm to apply pressure to the blood 
vessel of the ‘ulnar’ artery.  At a specific pressure from the cuff (as indicated by a 
mercury level), blood passing through the vessel is heard using a stethoscope, as is found 
by lowering the exerted pressure.  The sounds detected are called sounds of ‘Korotkoff’ 
and the pressure at which the sounds are heard signifies the systolic pressure.  Similarly, 
the diastolic pressure is then determined by lowering the pressure further to a point at 
which the sounds of ‘Korotkoff’ cannot be heard.  
Blood pressure variability (BPV) on the other hand may be determined by specialised 
means requiring observation of differences in time between signal peaks of the ‘pulse 
plethysmograph’ (PPG) and the ECG R-wave (pulse transit time, PTT).  While this 
method does not provide absolute measures of systolic and diastolic pressures, it has been 
shown to reliably indicate BPV measures by means of noting variations in the PTT 
[Bramwell & Hill, 1922][MacKenzie et al., 2002][Ma & Zhang, 2005][Atlasz et al., 
2006].  This technique will be specifically elaborated on in the methodology of the main 
experimental work (Chapter 8). 
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Chapter 2 
Literature Review 
Direct comparisons between the reported literature concerning the effects of mobile 
phone exposures on the electroencephalogram (EEG) may be notably difficult to 
present mainly due to inconsistencies in methodological practices between studies 
reported [Barnes & Greenebaum, 2007].  The format of this review has been to firstly 
present a detailed summary of the literature at hand followed by a critical overview, 
developed hypotheses, and a series of research questions.  In addition, incorporated 
into this review are studies which have considered mobile phone exposure effects in 
heart response through measures and derivations of heart rate, heart rate variability 
(HRV), and blood pressure (BP). 
 
2.1 Effects of Mobile Phone Exposures on the 
Electroencephalogram 
 
The literature regarding the investigation of mobile phone exposures on measures of 
the EEG, may be subdivided into 3 major categories, namely: 
 
1. Mobile Phone Exposure Effects on the Awake response of the EEG  
2. Mobile Phone Exposure Effects on the Sleep response of the EEG 
3. Mobile Phone Exposure Effects on Cognitive Performance and Event-Related 
Potentials  
 
Although awake studies will later form a key focus of this thesis, to provide a 
necessary understanding of the broader scope of literature at hand the following 
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context aims to cover the literature associated with all 3 types of studies outlined 
above.   
2.1.1    Mobile Phone Exposure Effects on the Awake EEG 
 
In an early study, von Klitzing reported on a particular effect on the EEG from the P4 
EEG electrode position when a subject was exposed to a 150 MHz electromagnetic 
field pulsed at 217 Hz.  Most notably the spectral EEG power of the 10.7 Hz signal 
was reported to increase by as much as “5 times”.  Following the exposure period the 
power at this EEG frequency was stated to be “slightly reduced or as remaining at this 
level”.  Yet in another subsequent exposure period under the same conditions, the 
indicated increase reportedly remained unchanged.  Additionally, the results of this 
study indicated an increase in EEG power during exposure from electrode positions 
O1 and O2, however the report was vague in describing this effect.  
In a follow-up investigation to the 1992 study, von Klitzing [von Klitzing, 1995] 
further reported on the results of an experiment where 17 participants were exposed 2-
3 times in 15-minute intervals again to a controlled 150 MHz exposure pulsed 
modulated at 217 Hz.  Two 15-minute control EEG recordings were conducted 
between the exposure periods.  Predominantly, results of the investigation 
demonstrated that during the first control recording following an active exposure 
period noted increases in EEG power of the ~10 Hz rhythm became evident.  Notably, 
this exposure effect was again sustained as it were in earlier findings, this time 
throughout the subsequent exposure period as observed from the occipital electrode 
O2.  Notwithstanding this however, no indication of results in terms of statistical 
significance were reported for von Klitzing’s published work. 
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In 1995 Reiser, Dimpfel, and Schobel, also published work on the effects of mobile 
phone exposures in the awake EEG [Reiser et al., 1995].  The report addressed 
exposures of a 150 MHz ‘coil source’ pulse modulated at 9.6 Hz (magnetic flux 
densities ~400 pT) as well as a 902 MHz mobile phone modulated at 217 Hz (8 W).  
In the experiment 36 participants were required to be awake and at rest during 15-
minute exposure periods.  Results of the investigation of the 150 MHz exposure 
source predominantly indicated spectral power increases in the EEG frequency bands 
of alpha 2 (9.75 – 12.5 Hz), beta 1 (12.75 – 18.5 Hz), and beta 2 (18.75 – 35 Hz) as 
seen comparably to von Klitzing’s reports at the occipital region of the head from the 
electrode positions O1 and O2.  In addition, in the beta 1 band, spectral power 
increases during exposure were reported in 29 out of the 36 participants as reported 
with an error probability of less than 0.001.  Following cessation of exposure and in 
support of this finding, the error probability was reported to increase to 0.07 
suggesting a parallel influence due to the presence of exposure.   The authors 
interpreted these results as indicating an ‘instantaneous’ effect due to exposure.   
Subsequently, results of the investigation using the mobile phone, which was placed 
at a distance 40 cm behind the head, indicated small but statistically insignificant 
power increases in alpha 2 and beta 1 from the electrodes O1 and O2.  Additionally, 
in beta 2 from the same electrode positions, results demonstrated relatively higher 
power for 25 out of the 36 subjects investigated.  Perhaps most notably, resultant 
increases in the alpha 2 and the beta EEG bands were shown to occur approximately 
15 minutes after exposure ceased.  Both investigations of Reiser et al. were conducted 
single blind. 
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In yet another single blind investigation reported by Röschke and Mann [Röschke et 
al., 1997], EEG measures of the awake, closed eyed condition of 34 men were 
investigated during exposure to a 900 MHz field pulsed with a 217 Hz signal from an 
“aerial” source positioned 40 cm from the vertex of the head (8 W; 0.05 mW/cm2).  
However, unlike positive findings as noted in the awake studies by Reiser et al. and 
von Klizting, results of Röschke and Mann’s study did not indicate any notable 
changes in the EEG during exposure periods of approximately 3.5 minutes as 
observed in analysis of the EEG frequency bands delta (1-3.5 Hz), theta (3.5 – 7.5 
Hz), alpha (7.5 -12.5), and beta (12.5–18 Hz).  Nevertheless, all test recordings were 
measured from the central head locations C3 and C4 and not considered from the 
occipital sites O1 and O1 as previously reported [von Klitzing, 1992, 1995][Reiser et 
al. 1995].   
In a more extensive mobile phone investigation to those previously mentioned, 
Hietanen et al. [Hietanen et al., 2000] reported on a study investigating the RF effects 
of five different cellular phones on the recorded EEG from 19 adults (10 male; 9 
female).  The exposure sources consisted of 3 analogue NMTs (Nordic Mobile 
Telephones) with different antenna types, as well as a 900 MHz GSM mobile phone 
and an 1800 MHz PCN (Personal Communications Network) phone.  Each of the 
participants took part in six tests of which one test was a 30-minute sham.  The 
remaining five tests were 30-minute RF exposure tests which each included 20 
minutes of exposure (1- 2 W peak) and 10 minutes of sham exposure.  During all 
trials a full 10/20 EEG system array of electrodes were considered (inclusive of O1, 
O2, C3, and C4) while participants were instructed to stay awake and be seated with 
eyes closed.  Most interestingly, apart from a significant change in delta band, which 
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was passed as occurring due to statistical chance, results of statistical comparisons 
between sham and exposure recordings did not indicate any likely changes in the EEG 
for any of the analogue or digital mobile phone exposures tested.  
In 2002, in another awake study, Croft et al. [Croft et al., 2002] recorded the EEG of 
24 participants (16 males, 8 female; ages 19-48 yrs) with eyes open during mobile 
phone exposures from a standard Nokia 5110 mobile phone operating at 900 MHz (3-
4 mW average).  The recordings were obtained with 19 electrodes incorporated into a 
standard EEG electrode-cap.  The handset was located via bracket and was positioned 
radial to the subject’s scalp midway between Oz and Pz.  A 3-minute auditory 
discrimination task was conducted followed by a 2-minute resting EEG recording.  
This procedure was repeated four times constituting one session, which was 
undertaken three times.  The exposure sequence administered was conducted single 
blind however was counterbalanced with an active mobile present in one session, an 
EMF attenuator present in a second, and a control condition made in the third.  The 3-
minute auditory discrimination tasks undertaken during the trials consisted of a series 
of binaural tones (1.1 kHz and 1 kHz for 60 ms every 1-3 seconds) to which 
participants were to press a button for target tones allowing for accuracy and reaction 
time to be measured.  Following the experiment, an electro-oculographic correction 
was conducted on both the discrimination task and resting EEG data.  The 
experimental results for the resting EEG demonstrated spectral power decreases in the 
1-4 Hz bands in the right hemisphere and increases in EEG power in the 8-12 Hz in 
midline posterior sites and near to the exposure source.  Other notable results reported 
were that of attenuation of the 4-8 Hz and a global decrease in the 12-30 Hz band both 
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as a function of time, and notable increases in the 30-45 Hz responses in the mid 
frontal and lateral posterior regions. 
In an investigation entitled ‘Effects of high-frequency electromagnetic fields on 
human EEG: a brain mapping study’ Kramarenko et al. [Kramarenko et al. 2003] later 
investigated the effects of an active radiophone (100 MHz; 3 mW) and a mobile 
phone (900 MHz pulsed at 217 Hz) on 10 young male adults and 10 children (12 yrs 
old).  The EEG was acquired using 16 electrodes positioned in a 10/20 standard array 
while participants sat awake again with eyes open in a comfortable seat whilst 
exposures were activated or inactivated in the ear-mouth position.  The exact period 
of exposures were not documented.  The EEG data was wirelessly transmitted to the 
EEG recording apparatus.  Spectral analysis on the EEG data was carried out 
including  color-coded brain ‘mapping’ of all recorded EEG amplitude characteristics.  
Via this mapping any unusual characteristics during the experimental recordings were 
noted.  Most prominent experimental results indicated that following active exposure 
from the mobile phone for within 15-20 seconds for adults and 10-15 seconds for 
children, a “short lasting” (1 s for adults and 2-3 s for children) slow-wave activity 
appeared in the 2.5 – 6 Hz EEG band for adults and in the 1 - 2 Hz band for children.  
The slow-wave appeared every 10-15 seconds and was reported to have progressively 
diminished and disappeared following 10 minutes of the phone being turned off.  An 
observed increase in the ‘median frequency’ was observed prior to the onset of the 
slow-wave, however following its appearance a reduction in the median frequency 
was noted.  An indication of how many of the adults or children this effect occurred in 
was not noted. 
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In 2004 Hinrikus et al. [Hinrikus et al., 2004] reported on a study entitled ‘Changes in 
human EEG caused by low level modulated microwave stimulation’.  In this 
investigation 20 participants (11 male and 9 female, ages 19-23 yrs) lay in a relaxed 
position with eyes closed and ‘ears blocked’ whilst exposed to a 450 MHz microwave 
source modulated at 7 Hz.  Experiments were conducted single blind with each 
participant undergoing exposure and sham exposure once.  Exposures were generated 
by a signal generator which fed the modulated signals to a quarter wave monopole 
positioned 10 cm ‘from the skin of the left side of the head’.  From estimations of the 
field power density at the skin SAR was derived to be 0.35 W/kg.  Experimental 
procedures of the study consisted of an initial 1-minute reference EEG recording and 
a following ‘photic stimulation’ applied for 20 seconds.  Ten continuous subsequent 
cycles of 1-minute exposure each followed by a 1-minute pause was carried out while 
EEG recordings were conducted throughout.  For each participant, the same 
procedure was carried out again with a sham exposure set of cycles.  The EEG 
recordings were acquired via 9 electrodes located in the frontal, temporal, parietal, 
and occipital regions in accordance to standard 10/20 positioning.  Results were 
generated by visual observation of the EEG and a student two-tailed t-test analysis for 
differences between exposure and sham exposure recordings as well as an inter-cycle 
analysis.  Results of applied photic stimulation indicated a regular decrease in the 
alpha band in all channels.  Observed changes of the EEG when RF exposure was 
present included unstable readings beginning at the third recorded cycle of exposure 
as well as particular suppression or amplification of the alpha or theta rhythms.  The 
authors note particular odd behaviour during exposure between individual 
participants, noting unusual differences in suppression or amplification trends of the 
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EEG between the left and right hemispheres.  In addition, increases in EEG power and 
changes in the frontal regions are particularly noted.  An observation that repetitive 
exposure may cause more prominent changes is further noted.  Given evidence of 
observed changes, the authors conclude that although changes from the RF stimulus 
can be observed, these effects are unique to the individual and furthermore are not 
detectable using a gross analysis of the group. 
 
Curcio et al. [Curcio et al. 2005], later reported on a double blind study investigating 
the EEG effects of a 902 MHz signal (pulsed at 217 Hz ; 0.25 W) on 20 participants 
(10 males and 10 females, ages 22-31 yrs).  The exposure parameters were set by a 
test card in a Motorola ‘Timeport 260’ mobile phone which was positioned in an ear-
mouth position 1.5 cm from the left ear.  Standard measurements of SAR were 
acquired at 0.5 W/kg.  For the experimental procedure participants were placed 
randomly into two groups and were seated awake in a comfortable armchair with eyes 
closed.  Both groups underwent a 45-minute baseline trial where no mobile phone was 
present, as well as a 45-minute exposure-on period, and 45-minute sham exposure 
trial.  For group 1 recordings of the EEG were undertaken during 7-minute periods 
following each trial, however for group 2 recordings were conducted during the last 7 
minutes of each trial.  The EEG recordings were acquired from the frontal (Fz), 
central (Cz), parietal (Pz), and temporal (T3, T4) regions of the head in accordance 
with the international 10/20 standard.  In addition an EMG recording was conducted 
(as taken from the submental muscles) as well as an EOG as acquired from the right 
eye as used for artefact identification and removal.  Statistical tests of the EEG across 
a 1-24 Hz spectrum in 1 Hz bins were conducted between 3 different trial recordings 
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and between groups.  Given a large number of multiple comparisons were conducted 
in the design the analysis incorporated a Bonferroni correction to appropriately lower 
the statistically significant probability criteria.  Results of the study indicated 
statistically significant outcomes in the alpha rhythms 9 Hz and 10 Hz from the Cz 
position when the exposure-on test recording was compared to the baseline and sham.  
For both results the mean exposure EEG recording was higher than was in the 
baseline or sham exposure trials suggesting a power increase due to exposure.  In 
addition at Pz, statistically significant difference was shown in the 11 Hz band when 
drawing results between exposure-on during the recording session (Group 2) and the 
no exposure condition EEG acquired following a 45-minute exposure session (Group 
1).  In all statistically significant cases EEG power was increased in the exposure-on 
condition.  The authors furthermore note approaching significance at the 9 Hz bin 
from the T3 electrode position, although indicate that no significant effects or 
interactions occurred at the Fz and T4 positions.  The authors hypothesise that ‘the 
current resting EEG recorded on Cz and Pz could be the result of a composite activity 
coming from bilateral areas and that the possible effect of EMF exposure could be 
induced by a kind of spreading of RF power across the brain’.  The paper concludes 
stating that ‘EMFs like the ones emitted by mobile phones influence normal brain 
physiology’ and this is ‘probably by means of changes in cortical excitability’. 
 
In addition to effects due to pulsed 902 MHz signals as noted by Curcio et al. in the 
EEG alpha band, recent studies by Vecchio et al. [Vecchio et al., 2007] and Croft et 
al. [Croft et al., 2008] have both notably indicated alpha band effects during the 
awake resting condition due to ~900 MHz exposures pulse modulated at 217 Hz.   
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Interestingly, Vecchio et al. recently tested (in a sample size of 10 participants) the 
hypothesis that EMFs from mobile phones affect interhemispheric synchronisation of 
cerebral rhythms as particularly noted in the alpha band, as their previous work 
suggests [Curcio et al., 2005].  In a unique approach to other EEG awake 
investigations, experimental protocol permitted the participants to walk and talk to 
experimental aids for two 45-minute durations 1 week apart whilst mobile phone 
exposures were active 1.5 cm from the left ear.  In a double blind protocol the 45-
minute sessions either consisted of sham or exposure.  Exposures were generated 
from a commercially available 902.4 MHz GSM phone mounted in a worn helmet 
with reported pulse modulations of 217 Hz (250 mW average; 2 W peak), however it 
is importantly assumed (as there is no comment made) that the 8 Hz repetition rate in 
GSM transmission as well as discontinuous transmission (DTX), as associated with 2 
Hz in a reduced power mode, was also employed.  EEG recordings from a complete 
10/20 positioned electrode array were considered in 5-minute rest recordings with 
eyes closed both before and after the two 45-minute talking sessions.  The EEG was 
investigated in the bands delta (2 – 4 Hz), theta (4 – 6 Hz), alpha 1 (6 – 8 Hz), alpha 2 
(8 – 10 Hz), and alpha 3 (10 – 12 Hz).  Results indicated that for the alpha 2 and 3 
bands interhemispheric coherence was lower for GSM than sham at frontal areas, 
while for temporal areas (nearest to exposures) alpha 2 band was notably higher for 
GSM than for sham.  Specifically due to these results, the authors suggest in 
conclusion that “mobile phone emission influences brain physiology, probably by the 
interhemispheric synchronisation of signals, mainly across the corpus callosum”. 
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In addition to speculation that alpha rhythm effects may result from mobile phone 
exposures, Croft et al. presents a relatively large study (N = 120) where the 
experimental analysis is undertaken upon hypothesis that an alpha band effect exists.  
The double blind study entitled “The effect of mobile phone electromagnetic fields on 
the alpha rhythm of human electroencephalogram” describes an investigation of the 
effects of mobile phone exposures on the awake EEG, which was part of a two-fold 
study with the other part addressing mobile phone effects on event-related potentials 
[Hamblin et al., 2006] as will be addressed later in Section 2.1.3.  Specifically, Croft 
et al. examines the ‘open eyes’ condition of the EEG alpha band (8 – 12 Hz) of 120 
seated participants (46 male, 74 female) exposed to 895 MHz exposures pulsed at 217 
Hz from a programmable GSM phone (250 mW average; 2 W peak).  The phone was 
set to transmit over the right (N = 60) or left (N = 60) temporal region in an ear-mouth 
‘touch’ position.  Experimental protocol required participants to firstly perform a 
battery of tests (as documented in Hamblin et al., 2006).  The awake at rest recordings 
were subsequently recorded for 10-minutes, followed by another battery of tests, 
which followed once more with a 10-minute resting awake trial.  Maximum SAR 
levels of the GSM phone tested were 0.674 W/kg at the cheek-bone and 0.11 W/kg at 
the temporal lobe near the antenna region, as measured over 10 gram averages of 
tissue.   
Alpha power data (Sham and Exposure) as recorded from a comparable 10/10 system 
array (58 recording sites considered) was grouped into frontal ipsilateral, frontal 
contralateral, posterior ipsilateral, and posterior contralateral.  Results of the study 
indicated that the low-level exposure tested increased EEG activity in the alpha band, 
where this effect was reportedly more pronounced at sites ipsilateral to exposure 
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particularly at posterior sites.  Notably, different effects in the posterior region were 
reported during and after exposure with speculation that there is one effect that lasts 
only as long as exposure, primarily, and a longer lasting larger alpha increase more 
frontally potentially due to secondary neural processes (not reportedly as statistically 
strong).  Croft et al. further note that the magnitude of the increase effects were very 
small and indicate that during the main effect of exposure “only 60% showed an 
increase in alpha, suggesting that the effect of the phone was not homogeneous and it 
may be related to individual differences between the participants”.  Increases in alpha 
as a function of exposure duration as noted in earlier work and as described 
previously [Croft et al. 2002] was not replicated by this study.    
 
In yet another recent double-blind study by Hinrikus et al. [Hinrikus et al., 2008], the 
EEG of four different groups of participants were acquired to investigate the effects of 
450 MHz exposures modulated at 7 Hz (1st group; 19 adults), 14 and 21 Hz (2nd 
group; 13 adults), 40 and 70 Hz (3rd group; 15 adults), and 217 and 1000 Hz (4th 
group; 19 adults).  As indicated in Hinrikus et al.’s 2004 study, participants lay in a 
relaxed position with eyes closed while modulated signals were fed to a ¼ wave 
monopole positioned 10 cm ‘from the skin of the left side of the head’ (field power 
density 0.16 mW/cm2; calculated SAR over 1 g = 0.303 W/kg).  Exposure for each 
group (with the exception of the first group) lasted 20 minutes total with every even 
minute of a continuous 40 minute EEG recording session signifying an exposure 
period.  Specifically, the first 20 minutes of each 40-minute session for group 2 
consisted of the 14 Hz modulation while the latter 20 minutes consisted of the 21 Hz 
modulation.  Similarly, groups 3 (40 Hz and 70 Hz) and 4 (217 Hz and 1000 Hz) were 
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exposed in the same arrangement.   Each odd minute was a reference EEG recording.  
As the first group was only exposed to the 7 Hz modulated signal there was only 20 
minute EEG recording session allocated in this instance.  The EEG was recorded from 
the frontal, temporal, parietal, and occipital sites.  Excluding investigation of the 1000 
Hz modulation which demonstrated null findings, main results of the study indicates 
that in beta1 band (15 - 20 Hz) that 13 - 30% of all participants in each group 
indicated significant increased changes, as seen from the parietal recorded data.  An 
indication of increased spectral power in the alpha band (8 – 13 Hz) is also noted.  
Main results in previous work [Hinrikus et al., 2008a] that demonstrated that 
microwaves modulated at 14 and 21 Hz were significant during the first 30 s of 
exposure, was not substantiated in this study. In conclusion to their findings, the 
authors indicate support for hypothesis that the effect of microwaves differs among 
individuals. 
 
In another double-blind study, Kleinlogel et al. [Kleinlogel et al., 2008a] reported on 
the effects of GSM 900 MHz (SAR 1 W/kg) and UMTS 1950 MHz (SAR 0.1 or 1 
W/kg) on the resting EEG and well-being of 15 adults during an ‘eyes closed’ seated 
protocol.  The experimental protocol involved several duties, of which firstly involved 
the recording of ‘vigilance controlled’ resting EEG during 4-minute sham-exposure 
and post 4-minute radomised exposure periods.  This session was then followed by a 
2.5-minute period of visually evoked potentials induced by participants sighting a 
checkerboard on a computer screen with alternating (200 times) black and white 
patterns.  Following this period, an 11-minute continuous performance test (CPT) 
involving 12 randomly presented letters on a computer screen (every 1450 ms for a 
 31 
period of 200 ms) required participants to press a mouse button each time the letters O 
and X appeared sequentially – reaction times and button press errors were measured 
for assessment.  Following the CPT, two auditory evoked sessions were also then 
recorded for 2 minutes then ~6 minutes respectively.  The first auditory sessions 
required participants to simply listen and not respond to 20 ms, 80 dB, 1000 Hz 
signals every 500 – 1000 ms, via an earpiece to the left ear.  The second auditory 
session required participants to press a mouse button each time a rare 1000 Hz tone 
was heard amongst many 500 Hz tones, all at 80 dB.  Finally, another vigilance 
controlled resting EEG was recorded for 2 minutes during exposure followed by 6 
minutes of vigilance controlled EEG without exposure on.  The total experiment was 
performed by each participant five times over, 1 week apart, with the first time being 
a training session and the latter 4 times with randomised sham-exposure, GSM 900 
MHz, UMTS ‘low SAR’, or UMTS ‘high SAR’.   Results of the study for resting 
EEG did not indicate any statistically significant changes due to exposure when 
measured over a 10-20 standard array of 19 electrodes.  EEG bands considered were 1 
- 3.5 Hz, 4 - 7.5 Hz, 8 - 10 Hz, 10.5 - 12.5 Hz, 13 - 18 Hz, 18.5 - 32 Hz.  Similarly, no 
significant changes in any of the ERP measurements including visual and auditory 
responses could be noted.  Results of the ERP work conducted were separately 
published Kleinlogel et al., 2008b.  In conclusion to both studies, the authors remark 
that outcomes of their work ‘do not give any evidence for a deleterious effect of the 
EMF on normal healthy mobile phone users’.      
 
In a most recent single blind study conducted by Wu et al. [Wu et al., 2009], the 
resting EEG of 10 adults were examined for exposures to 900 MHz ‘cordless phone’ 
 32 
(0.101 W/cm2) positioned in an ear to mouth position over the left ear (one trial) and 
a 2.4 GHz wireless router (0.0676 W/cm2) positioned 2 m in front of the head 
(second trial).  While seated and relaxed in eyes closed condition randomised sham 
and exposure recordings were considered for each participant over three 100-second 
intervals with 30-second rest periods between recordings.  Test EEG recordings were 
acquired using a 32-electrode cap.  Analysis over averaged spectral power across 
standard delta, theta/alpha, and beta EEG bands did not indicate any statistically 
significant alteration due to either the cordless phone or the wireless router.  
Nevertheless, significant increases in EEG power in two of the 10 participants were 
suggested to indicate the possibility of individual variation to sensitivity to EMFs.  
However, a limited discussion is provided on this topic particularly as to from what 
regions of the head the power increases were indicated experimentally.  Uniquely, in 
addition to investigation of resting EEG recordings Wu et al. also recorded the resting 
EEG with a ‘Farabloc hood’ over the heads of participants, which was used to shield 
any RF above 1000 Hz.  Interestingly, results of these tests were reported to indicate 
significantly lowered spectral power in the resting EEG when the hood was on as 
compared to both control and exposure test recordings.  Consequently, the authors 
state that ‘it cannot be excluded that ambient radio waves are chronically affecting 
human resting EEG’. 
 
In summary, with respect to studies investigating mobile phone exposure effects on 
EEG recordings in awake participants, it may be said that considerable findings in 
most related publications have been shown [Reiser et al., 1997][Croft et al., 
2002][Curcio et al., 2005][Croft et al., 2007][Vecchio et al. 2007].  Interestingly 
 33 
however, other investigations such as reported by Röschke and Mann, 1997, Hietanen 
et al. 2000, have published reports that have indicated null or statistically insignificant 
findings in EEG responses to similar exposures.  In regards to the direction of results 
indicating positive findings, although outcomes may be shown to be somewhat varied, 
work conducted by Curcio et al. [Curcio et al. 2005][Vecchio et al. 2007], Croft et al. 
[Croft et al. 2002, 2007], and Hinrikus et al. [Hinrikus et al., 2008a] appears to 
demonstrate that an alpha effect due to mobile phone exposures may exist in the 
awake EEG response.  Although, indeed the study as produced by Röschke and Mann 
[Röschke and Mann, 1997] could not confirm related effects in the alpha response, it 
may be considered that in this investigation the position of exposure source was 
located at 40 cm from the head, whereas the test protocol in studies by Curcio et al., 
Croft et al., and Hinrikus et al. required the exposure source to be positioned in the 
near-field, close to the ear.  However, Kleinlogel et al.’s (2008a) recent double blind 
study (N = 15) is interesting as it is indicated that there was no statistically significant 
changes evident within the alpha band (8-10 Hz and 10 –12 Hz) when GSM 900 MHz 
and UMTS 1950 MHz exposures were investigated over the left ear.  Notwithstanding 
this, in summary the direction of results in awake studies most strongly appear to 
indicate that an alpha band effect may exist in short-term durations as seen in both 
hemispheres, and potentially following exposure cessation, when mobile phone 
exposures are tested in close proximity to the head.  Nonetheless, more studies are 
required to confirm these outcomes.  Some drawbacks that may be indicated to be 
addressed in future awake studies include a lack of double blinding, relatively weak 
sample sizes, and dosimetry which have all been part of the following majority of 
studies [von Klitzing, 1995][Reiser et al. 1997][Röschke and Mann, 1997][Hietanen 
 34 
et al., 2000][Croft et al., 2002][Kramarenko et al. 2003][Hinrikus et al., 2004][Wu et 
al., 2009].  Absence of consistent testing of EEG electrode sites to consider regions 
over the head has also been a notable drawback in interpreting the direction of noted 
outcomes [von Klitzing, 1995][Reiser et al. 1997][Röschke and Mann, 1997]. 
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2.1.2  Mobile Phone Exposure Effects on the EEG during 
Sleep  
           
Waking EEG effects have also been observed in reported sleep studies investigating 
the RF effects on participants whilst recording their EEG.  Huber et al.  [Huber et al., 
2003] reported on awake effects of participants prior to sleep over two double blind 
experiments conducted to extend the analysis of their previous work using different 
experimental protocols [Borbely et al., 1999][Huber et al., 2000].  During the first 
experiment the EEG (as observed from sites F3, C3, P3, O1, F4, C4, P4, O2) of 24 
men was recorded during 900 MHz exposures (pulsed 2 Hz, 8 Hz, and 217 Hz) from a 
3 half-wavelength dipole array positioned 30 cm behind the head of participants lying 
down.  The experiment considered two sessions of two consecutive nights sleep (a 
pre-experimental night and an exposure night) at an interval of one week.  During the 
exposure nights, exposures were continuously switched on and off at 15-minute 
intervals inclusive of the sleep onset period.  In the second experiment 16 participants 
were required to be seated for 30 minutes prior to a 3 hr morning sleep episode to be 
exposed to a similar protocol from a patch antenna configuration positioned ~11 cm 
from both the left and right side of the head.   Right hemispheric, left hemispheric, 
and sham exposures were each considered at intervals 1 week apart with EEG 
acquisition considered from the same sites as in experiment 1.  The SAR of exposures 
tested in both experiment 1 and 2 were prudently adjusted to a peak spatial-average of 
1 W/kg over 10 g of tissue.  The resultant outcomes regarding awake effects reported 
were represented by the waking period measurements recorded prior to sleep onset.  
The recorded EEG results for this period particularly demonstrated ‘increases’ in 
power at the central position C3 in the 11 – 11.5 Hz spectral range.  In the second 
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experiment however, a ‘decrease’ in spectral power at C3 in the 10.5–11 and 18.75–
19.5 Hz EEG rhythms were observed in a 30-minute waking exposure period prior to 
a 3 hr morning sleep procedure.  During the sleep periods, main results indicated that 
under both experimental conditions non-REM sleep EEG power was notably 
increased in the 9 –14 Hz range following RF EMF exposure.  These effects were 
observable in almost all recorded locations.  Notably, spectral magnitudes of the 
effect were found independent of the side of exposure indicating that asymmetric 
exposure does not necessarily produce asymmetric responses.  In conclusion, Huber et 
al. conclude that changes in EEG power are manifested rapidly when exposure occurs 
during sleep.  It is furthermore indicated that these effects may outlast exposure by ‘at 
least’ 15 minutes when RF EMF is applied during waking prior to sleep.   
In addition to examination of awake and sleep EEG, Huber et al. also address 
investigation of the effects of RF exposures on heart rate and heart rate variability.  
However, the outcomes of these tests, along with related studies, will be addressed in 
Section 2.2. 
 
Wagner et al. [Wagner et al., 2000] also investigated the effects of mobile phone RF 
exposures on the sleep EEG to clarify previous results determined in two initial 
studies [Mann and Röschke, 1996][Wagner et al., 1998].  In the preliminary work 
conducted [Mann and Röschke, 1996], it was notably shown that suppression of REM 
sleep occurring due to GSM 900 MHz exposures as well as a shortening of sleep 
onset latency. Corresponding EEG effects to sleep parameters, demonstrated 
increased alpha spectral power.  In the second study however [Wagner et al., 1998], 
the initial findings by Mann and Röschke could not be replicated, with the most 
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common finding to the first study being that of observed effects of REM suppression 
which could not be shown to be statistically supported.  Nevertheless, as estimated 
power flux densities of 0.5 W/m2 and 0.2 W/m2 were respectively incorporated into 
both the first and second studies, Wagner et al. [Wagner et al. 2000] tested a 
hypothesis that there may be a dose-dependent response.  To do this, 20 participants 
(mean age 24 yrs) were exposed to circular polarised 900 MHz exposures (pulsed 217 
MHz) generated by a horn antenna connected to a digital mobile radio telephone 
(Motorola 1000).  The horn was positioned 40 cm below the pillow of the bed from 
where participants were exposed at much higher power flux densities than previously 
tested, as reported in the order of 50 W/m2.  Two consecutive nights of ‘exposure’ 
sleep were undertaken for each participant as well as two consecutive nights of non-
exposure or ‘sham’ sleep as undertaken at least one week apart from the exposure 
nights.   The order of sham or exposure consecutive nights was divided such that half 
of the participants undertook exposure nights first while the remaining half undertook 
the consecutive sham nights first.  The study was conducted single blind.  During 
sleep the EEG was acquired from referential recordings of the 10/20 electrode 
positions Cz and Pz.  Test measurements were considered in the frequency bands of 
delta (1 – 3.5 Hz), theta (3.5 – 7.5 Hz), alpha (7.5 – 15 Hz), and beta (15 – 23 Hz).  
Results of the spectral analysis of the EEG indicated that there were no statistically 
significant differences between sham and exposure nights across the positioned leads 
or with respect to various sleep stages considered, such as duration from falling asleep 
to REM latency periods.  Notably, in the sleep parameters as well, no significant 
changes could be noted as due to exposure.  Consequently, the hypothesis of a dose-
dependent effect could not be confirmed.  In conclusive remarks, the authors further 
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speculate that the null findings in the present study, that were in contrast to their 
previous work, may have resulted due to experimental differences such as the 
polarisation of the field source (circular versus linear) and/or averaging over two 
nights as opposed to one night sleep.  
 
Unlike previous sleep investigations of 900 MHz mobile phone exposures, Hinrichs et 
al. [Hinrichs et al., 2005] conducted a study to examine the influence of 1800 MHz 
GSM exposures on 13 healthy participants generated from a flat panel antenna 
positioned as notably in the far-field 1.5 m behind the subject’s head (estimated SAR 
of 72 mW/kg averaged over 10 g).  An eight electrode EEG acquisition was 
considered in accordance with 10/20 positioning to record brain wave activity of the 
participants over four nights sleep (~8 hrs per night), of which two nights randomly 
consisted of the active exposure.  The four night procedure which was conducted 
double blind followed one adaptation night where the participants familiarised 
themselves with the laboratory environment.  Results of the investigation which 
considered statistical analysis over the delta, theta, alpha, and beta (1 & 2) ranges at 
each site, global spatially averaged band power, as well as attention to the alpha band 
for each sleep stage and each position, did not indicate any statistically significant 
difference between the exposure and sham recordings.  A median frequency analysis 
of the alpha band and total EEG frequency band also did not demonstrate any 
statistically significant differences due to the RF modulated exposure.  Based on the 
results and as the study was based upon far-field exposures, the authors conclude 
particularly that base stations of GSM 1800 cellular phone networks are not supported 
by their investigation. 
 45 
 
Amongst sleep investigations addressing the effects of mobile phone exposures, 
contradictory outcomes as also shown in awake studies may be identified.  For 
example, statistically significant and notable results have been described to have 
indicated effects in the EEG at different sleep stages, such as observations of 
suppression during REM [Mann and Röschke, 1996] or varying changes during sleep 
onset periods or within non-REM sleep periods [Huber et al., 2003].  However in 
contrast, the replicated studies of Wagner et al. [Wagner et al. 1998, 2000] could not 
confirm evidence of any significant effects.  Fritzer et al. [Fritzer et al., 2007] (which 
will be relevantly discussed firstly in Section 2.1.3 below) closely replicated the study 
of Huber et al. 2003, but notably could not substantiate similar increased effects in the 
9 – 14 Hz EEG range during non-REM sleep.  
From the studies that may be noted with regards to mobile phone exposures on sleep 
EEG, it may be said that it is notably difficult to identify any direction in findings 
given variable outcomes noted in only few studies.  Current drawbacks however may 
be noted in the statistical strengths of the studies, given that most studies of concern 
have only considered relatively small sample sizes [Mann and Röschke, 
1996][Wagner et al. 1998, 2000][Huber et al., 2003][ Hinrichs et al., 2005] [Fritzer et 
al., 2007]. 
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2.1.3 Mobile Phone Exposure Effects on Cognitive 
Performance and Event-Related Potentials  
 
 
Recently Fritzer et al. [Fritzer et al., 2007] reported on an investigation of short and 
long term effects of 900 MHz GSM modulated signals on the EEG from 3 half-wave 
dipoles at a distance of 30 cm from the top of the head of two independent groups of 
participants lying down asleep (N = 10 exposure group/10 sham group).  The 
experimental setup itself was in accordance with Huber et al. [2003].  In addition to 
an investigation on sleep Fritzer et al. investigated the cognitive effects of the same 
exposure on attention, visual searching, mental processing speed, concentration, and 
short-term memory.   Reported outcomes of this study indicated no significant effects 
on sleep or any significant impairment on cognitive performance of the participants.  
In line with reported absences of effects on cognitive performance Russo et al. (N = 
168) and Haarala et al. (N = 64) also demonstrated no significant effects on cognitive 
performance during tests of reaction time and vigilance [Russo et al., 2006] and 
reaction time and memory [Haarala et al., 2003][ Haarala et al., 2004].  Nevertheless, 
selective alterations in cognitive task reaction times [Preece et al., 1999] and memory 
[Smythe et al., 2003] have been previously demonstrated.  In addition, Fritzer et al. 
addressed the findings of Huber et al. [Huber et al., 2003] that non-REM sleep EEG 
power can be increased in the 9–14 Hz range, however results could not substantiate 
the effect.  Fritzer et al. nevertheless comment that a differing 15-minute on/off 
alternating exposure protocol only used by Huber et al., may have promoted the 
increased effect previously reported.   
 
 49 
Over the last 10 years Finish groups authored by Krause C. have conducted a series of 
investigations to examine the EEG during cognitive tasks whilst being exposed to 
mobile phone exposures [Krause et al., 2000a, 2000b, 2004, 2006, 2007].  In a 
replication study of their previous work [2000b] (N = 24) Krause et al. in 2004 
reported on the effects of 902 MHz mobile phone exposures pulsed at 217 (avg. 
power 0.25 W) to investigate the event-related desynchronisation (ERD) (decrease in 
oscillatory power) and synchronisation (ERS) (increase in oscillatory power) of the 
EEG.  EEG bands of interest (as examined on a per subject basis) were the 4 – 6 Hz, 6 
- 8 Hz, 8 -10 Hz, and 8 -12 Hz bands.  Results of the replication study indicated 
contradictory outcomes.  In contrast to the previous work conducted where 
enhancements in both ERD and ERS were observed in the alpha 8 – 10 Hz band 
during auditory/visual memory load tasks no significant effects could be indicated.  
Most recently Krause et al. [Krause et al., 2007] once more reported on a study in aim 
to further assess previous inconsistent outcomes as well as to extend the analysis to 
examination of continuous wave (CW), pulsed modulated (PM) and hemispherical 
differences.  The results of the study indicated commonality with the earlier results 
which had observably indicated oscillatory effects in the alpha EEG band [Krause et 
al 2000a,b], however the results as indicated, and as stated, demonstrated varying and 
inconsistent outcomes to the previous reports.  Conclusive comments by Krause et al 
in summary of their work were as follows: “Although we were able to reproduce 
some of our previous findings, the current results support the hypothesis that the 
possible effects of EMF on brain oscillatory systems during cognitive processing are 
very subtle. The EMF effects may be too small to be consistently observed and/or 
replicated with the EEG. If the differences found in the present studies are 
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observations of an actual effect, they are far too subtle to be systematically replicated.  
Alternatively, the observed effects in the EEG can be a result of chance or 
confounding factors.”  
 
In a recent double-blinded study, Hamblin et al. [Hamblin et al., 2006] investigated a 
relatively large sample of 120 participants (46 male and 74 female) to examine event-
related potentials and reaction time to pulsed 895 MHz exposures at 217 Hz (250 
mW; SAR = 0.11 W/kg).  The experimental procedure consisted of a randomised 
counterbalanced series of tasks including an auditory, visual (monitor 1.5 m away), 
and a Winsconsin card sorting task, which were divided by 90 second resting EEG 
recording periods.  The series of tasks with EEG recording interrupts were conducted 
during a sham/sham session and an exposure/sham session, in succession.  The mobile 
phone exposure to each participant lasted 30 minutes with one half of the sample 
population receiving exposures directly to the right hemisphere and the remaining half 
to the left “using a plastic cradle like apparatus” positioning a GSM phone unit over 
the temporal region. The total procedure was repeated twice for each participant one 
week apart, with participants seated in a relaxed ‘eyes open’ arrangement.  Reported 
findings were only reported for the ERP and reaction time responses with underlying 
EEG derivations being omitted for the purpose of the study that were later reported 
elsewhere [Croft et al. 2007].  Given that no statistically significant differences were 
observed the authors withdrew from findings of their preliminary work [Hamblin et 
al., 2004] stating in conclusion “that there is currently no clear evidence in support of 
a mobile phone-related EMF effect on ERPs or reaction time”. 
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In a most recent investigation, Lass et al. [Lass et al., 2008] published a study on 
“Modulated low-level electromagnetic field effects on EEG visual event-related 
potentials”.  Thirty adults were exposed to 450 MHz exposures modulated at 21 Hz 
(0.16 mW/cm2; calculated SAR = 0.303 W/kg over 1 g of tissue) from a 13 cm 
quarter-wave antenna located 10 cm from the skin on the right side of the head.  
During exposure, EEG was recorded from Fz, Cz, and Pz during a sequence of visual 
tasks where participants were required to press the mouse button when presented on 
computer screen with infrequent 2 cm diameter blue circles (25% of the time), but 
avoid pressing when frequent 4 cm diameter circles were presented (75% of the time).  
Under single blind conditions during tasks, the test exposures were switched on and 
off, each minute, for 10 minutes where 400 stimuli in total were presented.  This 
procedure was repeated to obtain a 10-minute sham-exposure recording with the same 
amount of stimuli, only in this procedure the exposure was not switched on.  Two 
sequences in total of stimuli were presented, one for the 10-minute on/off exposure 
recording and one for the 10-minute sham trial, which were counterbalanced.  10-
minute breaks separated both trials.  Results of the study indicated that ERP response 
latencies and reaction times to visual stimuli were unaffected by the RF modulated 
exposure at 21 Hz.  However, it is demonstrated by observed affects on the N100 
amplitude that the earlier stages of visual information processing are more susceptible 
to RF effects than in later stages. 
 
Amongst publications where RF exposures from mobile phones were investigated 
during cognitive performance tasks such as to test memory or reaction time, there has 
been strong evidence to support that there are no associated effects on these 
 52 
parameters [Krause et al., 2007][Haraala et al., 2004][Hamblin et al., 2006][Russo et 
al., 2006] [Fritzer et al., 2007][Kleinlogel et al., 2008b][Lass et al., 2008].  However 
notwithstanding this, notable evidence suggesting that there could be related RF 
effects associated particularly with reaction time and memory load has been indicated 
[Freude et al., 1998][Preece et al., 1999][Jech et al., 2001][Smythe et al., 2003].  
Indeed where effects have been shown on ERPs outcomes have been very subtle and 
difficult to accurately replicate.  Thus, given that effects have been difficult to 
substantiate even with large sample sizes it is considered that a trend towards 
negligible changes due to mobile phone exposures on ERP responses in presently 
prevailing. 
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2.2 Effects of Mobile Phone Exposures on Heart    
Function  
 
Apart from studies addressing mobile phone exposure effects on the human EEG, the 
electrocardiograph (ECG), pulse-plethysmograph (PPG), and blood pressure (BP) 
parameters have been used previously to assess RF exposures on heart function.  The 
following section summarises the current literature with respect to these 
investigations. 
 
In a double blind investigation by Tahvanainen et al. [Tahvanainen et al., 2004], 32 
participants underwent several measurements of heart rate and blood pressure 
(systolic/diastolic) by use of an arm cuff during mobile phone exposures.  35-minute 
measurements were acquired both during and after a randomised sequence of 900 
MHz (2 W peak; SAR = 1.58 W/kg) and 1800 MHz (1 W peak; SAR = 0.7 W/kg) 
exposures generated by a Nokia dual band mobile phone controlled via serial port by 
a notebook computer.  The authors investigated the cardiovascular responses during 
controlled deep and spontaneous breathing as well as during Valsalva manoeuvre 
during supine rest and ‘head-up’ tilt test.  Although results of the investigation 
indicated a slight, progressive increase in systolic and diastolic blood pressure, it was 
suggested that randomisation of the experimental protocol dismissed this observation 
to be independent of a resultant effect due to RF exposure.  Furthermore, there were 
no resulting statistically significant changes in blood pressure or heart rate during 
exposure, as well as no evident changes in heart rate in investigated post-trial periods.  
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Consequently, Tahvanainen et al. conclude that 900 MHz or 1800 MHz mobile phone 
exposures do not acutely affect arterial blood pressure and heart rate. 
 
In a somewhat similar and earlier investigation to Tahvanainen et al., Braune et al. 
[Braune et al., 1998] recorded test measures of blood pressure, heart rate, and 
capillary perfusion of 9 participants during a continuous 35-minute exposure to a 
remote controlled GSM 900 MHz pulsed 217 Hz (2 W) mobile phone.  Following the 
exposure period, test measurements were taken over a 1-minute period during supine 
rest and standing up, deep breathing, and during the Valsalva manoeuvre.  The test 
procedure was repeated 5 times for each participant on different days.  Results of the 
investigation indicated that systolic and diastolic measures of blood pressure at rest 
were observed to be considerably higher in the exposure recordings as compared to 
recorded sham.  In addition blood pressure during standing was found to be 
significantly higher during exposure.  During rest significant differences of blood 
pressure were found to be lower during the first phase of the Valsalva manoeuvre but 
were higher in the subsequent phases II an IIe.  The group interpreted these findings 
as occurring due to the noted increase of blood pressure at rest.  In addition to these 
results capillary perfusion measurements showed a significantly greater 
vasoconstriction (as indicated by recordings of the plethysmograph), while the heart 
rate both for rest and Valsalva manoeuvres measures, was indicated to be significantly 
decreased.  Conclusions of this investigation stated that the RF exposures caused an 
increase in sympathetic efferent activity with increases in resting blood pressure 
however such findings were conclusively withdrawn upon a subsequent investigation 
of these results which indicated non-significant outcomes [Braune et al , 2002]. 
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In addition to Braune et al, Atlasz et al. [Atlasz et al., 2006] also used 
plethysymograph measures to investigate heart function.  In an aim to test whether 
900 MHz GSM mobile phone exposures (2 W; pulsed 217 Hz) result in an influence 
in heart rate variability (HRV), Atlasz et al. incorporated 35 adults in one randomised 
trial in a 5-minute supine rest position followed by a 5-minute standing position 
during continuous exposure.  Post-exposure plethysmograph measurements were 
taken during an allocated recovery period.  SAR measurements were reported at 1.3 
W/kg.   Results indicated that there was no significant difference between HRV in 
sham and exposure outcomes, however observed heart rate variations in 3 of the 35 
participants were in particular observed when the subjects were in the standing 
position following exposure.  The authors report that it may be possible that there is a 
proportion of the population that may be more sensitive to RF exposure than the 
average population.  In conclusion the authors report that based on their experimental 
conditions RF fields emitted by cellular phones do not cause observable effects on the 
regulation of heart rate.  
 
In a most recent double-blind study on the effects of RF exposures from mobile 
phones on HRV, Parazzini et al. [Parazzini et al., 2007] reported on an investigation 
where 26 participants were exposed to a PC controlled 900 MHz GSM cellular phone 
operating at full power (2 W; SAR < 0.02 W/kg) for 26 minutes in one session and 26 
minutes during a sham trial.  The test procedure was in accordance to a rest-stand 
protocol with each participant resting in the supine position for 13 min and then 
standing for the latter half.  Continuous ECG recordings were acquired throughout 
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both the sham and exposure periods.  A novelly implemented approach to analyse 
HRV by measures of ‘HRV indexes’ was performed.  Reported results of the study 
indicated that 26 minutes RF field exposure from a 900 MHz mobile phone did not 
induce any acute change in central regulation of cardiovascular functions.  No 
statistically significant difference could be shown during rest conditions for all HRV 
measures, however significant but weak increase in spectral ECG power was 
indicated in the standing condition as well as a decrease in the variability of the ECG 
cyclic length as measured by the index analysis.  In addition gender dependent 
decreases were observed to be statistically significant for the standing condition for 
women (N = 12) during exposure.  The authors present the possibility of the weak 
observed changes as potentially occurring due to a sympathetic drive to the heart.  
Furthermore it is noted that other possible RF effects were observed only during 
sympathetic response or when the responsiveness to stand was evaluated.  The report 
concludes generally that EMF RF exposure produces no effects on HRV, however 
suggests that the findings given for the minor indexes of the investigation should be 
considered in amongst the framework of future comparable studies. 
 
In addition to studies investigating the RF effects of mobile phone exposures on heart 
function, Mann et al. [Mann et al., 1998], and Huber et al [Huber et al., 2003] in 
addition to their work on EEG response, both reported on the effects of mobile phone 
exposures on heart rate during sleep.  Whilst Mann et al. did not indicate any 
significant influence in ECG recordings of 12 men during sleep (900 MHz pulsed 217 
Hz), Huber et al. reported on interesting findings using a similar RF source response.  
In two types of sleep experiments conducted by Huber et al. [Huber et al., 2003] 
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where participants were investigated during 15-minute on/off intervals of pulsed 900 
MHz signals in the first experiment (N = 24) and 30 minutes of the same exposure 
prior to a morning sleep in the second (N = 16), the resultant outcomes were shown to 
differ.  During the first experiment although the heart rate did not indicate a change, 
ECG spectral power measures were shown to statistically significantly decrease in the 
narrow band 0.1 – 0.11 Hz following RF exposure in the sleep onset period (R-R 
spectra; low frequency range) as well as increase mean spectra over the first three 
non-REM sleep episodes in the 0.29 – 0.31 Hz band (5 bins around peak; high 
frequency range).  During the second of the two experiments no differences in heart 
rate were observed during the 30-minute exposure period however the authors report 
observations of reductions in ECG amplitude in the waking and stage 1 of sleep 
following exposure to both hemispheres as well as prior to the sleep onset period 
following exposure to the right hemisphere.  During the sleep period following 
exposure power in the 0.18 – 0.22 Hz range was also noted to increase in 11 spectral 
bins surrounding the peak (high frequency range) during left and right hemisphere 
exposure.  The authors interpret the difference in location of these high frequency 
peak effects between experiments as potentially resulting from “circadian factors” 
during night sleep as versus daytime sleep.  In noting a relatively small sample size of 
the experiments conducted, in conclusion it is suggested by the authors that the subtle 
changes in cardiac activity presented require further confirmation. 
 
In relation to reported RF effects on heart function, the studies collectively suggest 
that there is no clear evidence to support RF associated effects with the ECG, PPG, or 
blood pressure parameters [Mann et al., 1998][Braune et al., 2002][Tahvanainen et 
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al., 2004][Atlasz et al., 2006].  However given that only few studies have been 
published in this area of research and that few positive findings have also been noted 
in both sleep and awake investigations [Huber et al., 2003][Parazzini et al., 2007] 
further work would need to be conducted to replicate these studies and independent 
analytical approaches before any reasonable hypothesis can be made. 
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2.3 Summary of Review   
 
To enable valid assumptions or hypotheses to be extracted from the literature 
concerning the effects of mobile phone exposures on the EEG there are a number of 
common experimental variables that need to be considered.  These variables include 
the exposure source and it’s location with respect to test participants’ heads, the 
exposure source operating frequency and associated modulations, the exposure field 
strength and SAR with respect to the participant’s head, as well as any noted 
dosimetry undertaken.  Moreover, the duration of exposure, the participant conditions 
(such as awake, seated, with eyes closed), the number of recording electrodes 
positioned on the head, the statistical analysis method used, and the sample size in 
support of the statistical strength of the experiment, are all factors importantly 
required to be considered.  However, it is arguable that due to an apparent lack of 
replication of the described common test variables across the literature, it may be 
considered that as it stands published experimental outcomes concerning RF effects 
on the EEG cannot still in most cases be directly compared.   
However in stating this, it should also be clearly noted that there has been research 
groups who have undertaken ongoing replication studies of their own work [Wagner 
et al 1998] [Haarala et al., 2003][Krause et al., 2004][Huber et al., 2003][Hamblin et 
al., 2007] as well as few who have replicated the work of others [Röschke et al., 
1997][Fritzer et al., 2007].  In overview of this replication work, it may said that until 
now results of these studies have not demonstrated any consistent findings with 
previous reports which can be evidently interpreted as positive RF effects on the EEG.  
Krause et al [Krause et al., 2007] in observation of the drawbacks in identifying 
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consistent findings amongst a series of their investigations on mobile phone exposures 
on human cognitive tasks, recently reported in summary (as outlined) that effects on 
brain oscillatory systems during cognitive processing may be either very subtle or too 
small to be consistently observed or systematically replicated.  The group 
interestingly also express that there is still possibility that observable effects which 
have been shown may have occurred due to statistical chance or experimental 
confounding factors. 
Apart from replication investigations, if on a global basis, the current experimental 
outcomes of mobile phone effects on brain wave activity are to be compared, an EEG 
response in the alpha band or alpha rhythms may be indicated in many and during all 
three participant conditions including the awake still position, sleep, and during 
cognitive tasks [Reiser et al., 1995][Croft et al., 2002, 2007][Huber et al., 2003] 
[D’Costa et al., 2003][Hinrikus et al., 2004][Curcio et al., 2005].  Amongst these 
reports, effects in the alpha band may be shown to be interestingly found at ipsilateral 
and/or contralateral sites with respect to the position of the exposure source and may 
have be shown to demonstrate both increases and decreases in spectral power.  One 
plausible hypothesis for effects as seen at different locations on the head was 
presented by Curcio et al. [Curcio et al., 2005] who in reference to their own 
outcomes deduce that as an effect was presented at the recorded sites Cz and Pz (that 
represent the summated activity from bilateral areas of the brain) EMF exposure could 
be induced by a possible spreading effect of RF power across the brain. 
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2.4 Critical Research Questions 
 
Based on the provided literature, the following critical research questions were 
determined to aid in forming a basis upon which the main experimental research 
(Chapter 8) was to be conducted.   
 
1. Only one study conducted, namely by Hietanen et al. 2000, appears to have 
investigated the awake response of 1800 MHz mobile phone exposures on the 
EEG.  Similarly only one investigation, namely by Tahvanainen et al. 2004, 
appears to have been reported that has investigated the effects of 1800 MHz 
exposures on heart function by measures of blood pressure.  No studies appear 
to have been reported on the effects of 1800 MHz exposures on the ECG or 
heart rate variability.           
Given the above gaps in the current body of knowledge, does 1800 MHz 
exposures as also known to be emitted by mobile phones influence either 
the awake EEG response in humans, or measures of ECG or blood 
pressure?  
2. Some studies, such as by D’Costa et al. 2003, Curcio et al. 2005, and Croft et 
al. 2007, have all noted effects in the EEG from head regions nearest to the 
exposure source.   
Does the position of the mobile phone exposure source correspond to an 
influence in brain wave activity from adjacent recording sites? 
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3. Many investigations as described have indicated a significant RF influence on 
the EEG typically due to pulsed 900 MHz exposures at near field distances.  
These changes may be noted to have been observed within all four EEG 
spectral bands, namely within delta, theta, alpha, and beta. Apart from very 
few, all reported studies have indicated results with relatively low sample sizes 
ranging between 10 – 35 participants.  Furthermore it is prevalent that no 
study with a relatively large sample size (> 50) has yet been reported for the 
most stable EEG recording condition, specifically where the participant is 
awake with eyes closed.   
Are there statistically significant alterations within any of the four distinct 
EEG bands namely delta, theta, alpha, or beta, when the heads of test 
participants at near-field distances from mobile phone exposure source?  
Do related effects in the EEG significantly occur under the awake, closed 
eyed conditions for larger sample sizes, such as a sample ranging up to 
100 participants? 
4. There have been only very few studies reported which have analysed the EEG 
at a higher spectral resolution than that provided by averaged EEG data across 
the clinically significant bands of delta (1-4 Hz), theta (4- 8 Hz), alpha (8 – 12 
Hz), and beta (12–32 Hz) [Curcio et al. 2005].   
Do mobile phone exposures cause statistically significant power increases 
or decreases in discrete EEG rhythms over the distinct spectral range of 1 
– 32 Hz (i.e. at least at 1 Hz, 2 Hz, 3 Hz )?  Do any positive findings occur 
at high statistical strength, such as would be provided by sample sizes 
ranging up to 100 participants? 
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5. It appears that in no study to date, has mobile phone exposures on the awake 
EEG been investigated at close to acceptable maximum general public SAR 
limits.  The ARPANSA standard (RPS3) 2002, specifies a maximum general 
public limit to the head and torso of 2 W/kg over any 10 gram of tissue.   
Does both 900 MHz and/or 1800 MHz mobile phone exposures as close to 
the maximum allowable SAR limit influence nervous function such as in 
the EEG or in heart responses (ECG, PPG, or blood pressure)? 
6. The literature predominantly indicates that ‘short-term’ mobile phone 
exposure effects may be result in the EEG or in heart responses of ECG or 
blood pressure.  
Are there ‘short-term’ influences in the EEG, ECG or blood pressure 
during RF exposures from mobile phones?    
7. As EEG electrode leads are present in the vicinity of RF exposures during test 
measurements some investigators have examined the possibility that 900 MHz 
exposures may be picked up or shielded by the electrode leads to an extent that 
may adversely influence predicted SAR levels inside the heads of test 
participants [Wood et al. 2001][Croft et al. 2001][Hamblin et al., 
2007][D’Costa et al., 2003, 2004].  While some minimal influences on the 
SAR have been noted, no investigation has studied the effects of 1800 MHz 
exposures, or clearly mapped whether the distribution of energy or spatial-
peak SAR may re-locate, or whether observed changes in SAR are specifically 
due to RF coupling, shielding, or both.  In addition, current outputs of 
software RF modelling techniques have been limited and have not necessarily 
considered a realistic full array of electrode leads on a head model.  All 
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outlined gaps in the current body of knowledge concerning the influence of 
EEG recording leads on SAR is vital aspect, if positive findings from mobile 
phone/EEG investigations are to be interpreted correctly.   
Are 900 MHz or 1800 MHz mobile phone exposures shielded by, or 
coupled to EEG electrode recording leads to an extent that may influence 
the peak spatial-average SAR or its location inside the head?  
8. There are currently no investigations in the current body of literature that have 
investigated the correlation of effects due to mobile phone exposures between 
measurements of EEG and the ECG.   
Do potential effects due to mobile phone exposures in brain wave activity 
correspond to heart responses such as between trial measures of the EEG 
and ECG? 
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Chapter 3 
 
 
EEG measures during Radiofrequency 
Exposures from Mobile Phones: A Pilot 
Study 
 
 
 
 
 
3.1 Introduction 
 
 
Before administering a larger study to investigate EEG effects resulting from mobile phone 
exposures (as described in Chapter 7), a pilot study incorporating 10 participants was first 
investigated to establish direction of results and to gain a understanding of the 
fundamentals of this work. The following chapter aims to describe this pilot study where 
the awake EEG was recorded and participants were required to be seated still with eyes 
closed whilst being exposed to GSM RF emissions from mobile phones in standard 
operating conditions of full-power and standby mode. Perhaps one of the most important 
outcomes of this investigation was that statistical endpoints were later (Chapter 7) able to 
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be used to confirm and confidently identify major significant increase findings in the alpha 
band, particularly in the 9 Hz rhythm from all surrounding regions of the head.   
 
 
 
3.2 Materials and Methods 
 
3.2.1 Sources of Exposure 
 
This investigation was conducted in two trials using two different mobile phones in 
different power output modes.  In the first trial, RF exposures were generated by a 
modified Nokia 6110 mobile phone which had its speaker disabled to eliminate possible 
auditory cues.  The phone was configured to be enabled via control software to transmit at 
a nominal average power of 250 mW (2 W peak output) with a 900 MHz carrier modulated 
at 217 Hz.  As a consequence of this configuration, standby mode exposures could not be 
activated and any power variability caused by GSM power control modes such as 
discontinuous transmission (DTX) [ETS 300 578 std., 1999] was removed.  Thus only 
nominal full-radiated power was transmitted.  In the second trial, standby mode exposures 
were generated by a standard Ericsson GH388 GSM mobile phone.  In this mode of 
operation, GSM mobile phones such as these have been found to emit low frequencies 
within the EEG spectrum 1-32 Hz [Heath et al., 1998].  The Nokia 6110 programmable 
mobile phone was supplied by Telstra Research Laboratories (2003)∗. 
                                                 
∗
 Telstra Research Laboratories, Clayton, Victoria 
 70 
3.2.2 Participants 
 
Ten healthy subjects in total participated in this investigation.  This included 5 men and 5 
women with ages ranging from 18 to 30 years.  All participants gave verbal consent that 
they were not on any medication in the recent month prior to the trial period.  The age 
selection of the participants was based on the principles of cerebral maturation.  As may be 
observed below (Figure 3.1) cerebral maturation may be established as a function of age, 
indicating that cerebral function approximately begins to plateau around the age of 18 
while cerebral functioning following age 45 may be shown to be in decline [Niedermeyer 
& Da Silva, 1993].  Hence in order to select participants from a consistent sample, only 
participants between the ages of 18 – 45 years were permitted into the experimental work.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.  Cerebral maturation and old age changes in the EEG  
[Niedermeyer & da Silva, 1993]. 
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3.2.3 Participant Conditions 
 
For each subject EEG electrodes were positioned at the Fp1 & Fp2, C3 & C4, O1 & O2 
symmetrical recording sites according to the 10/20 international standard [Jasper, 
1958][Carr & Brown, 1998].  To sustain good conductivity during trials, the electrodes 
were checked for secure contact between all EEG recordings.  The electrode leads were 
twisted as far as possible, as a measure against the potential for RF pickup, and then fed 
into a differential amplifier (Mindset EEG acquisition unit).   
A mobile phone was placed horizontally behind the subject’s head with the antenna 
positioned 2 cm away from the occipital region (between O1 and O2) as shown in Figure 
3.2 below.  The position of the antenna was located at the back of the head as to be able to 
most easily quantify the effects of mobile phone exposures directly on the recoded EEG 
both near (O1 and O2), midway (C3 and C4), and away (Fp1 and Fp2) from the exposure 
source.  It was envisaged that the outcomes gathered from this arrangement would later 
provide critical information for cross-examination purposes within the body of literature as 
well as in the major experimental work where the handset was to be placed in an ear-mouth 
position (as comparable to real mobile phone use - Chapter 8). 
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During the EEG recordings subjects were required to have their eyes closed, and to be 
awake whilst sitting still in a comfortable back supported chair.  Subjects were able to 
maintain this position in a relaxed state.   
 
3.3 Trial Procedure 
 
Two trials were conducted.  During the first trial, the real-time EEG of each subject was 
recorded for a total duration of 50 minutes in a silent room.  This consisted of ten 5-minute 
EEG recordings of which five were recorded whilst the Nokia mobile phone was in full-
power mode and positioned at the rear of the head (Figure 3.2).  The remaining five 
recordings were sham exposure recordings.  During the sham exposure recordings the 
mobile phone was switched off completely though remained in position.  For each subject, 
the five exposure and five sham EEG recordings were randomised such that participants 
were not aware of the state of exposure of the mobile phone.  After every 5-minute EEG 
 C3 
Fp1 
O1 
ANTENNA 
Figure 3.2.  Photograph of phone/antenna positioning with respect 
to the head and the EEG electrode recording sites (symmetrical 
locations Fp2, C4, and O2, not shown). 
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recording subjects took a 10-15 minute break.  During the second trial of this investigation, 
the Ericsson mobile phone in standby mode was used as the source of exposure.  Apart 
from this, the procedure of the second trial was identical the first.  The same ten subjects 
participated in both trials. 
 
3.4 Analysis and Results 
 
All EEG data collected during the two trials was realised in the frequency domain between 
1 - 32 Hz using the Mindset EEG processing software (Wavelab V.1.0).  For each subject, 
the EEG data obtained under both sham and exposure conditions was then classified into 
the four clinically significant EEG bands, namely, delta (1 – 4 Hz), theta (4 – 8 Hz), alpha 
(8 – 13 Hz), and beta (13 – 32 Hz).  The five sham recordings as well as the five exposure 
recordings (obtained from each subject in both trials) was then averaged within the EEG 
bands so that there was one set of sham mean data and one set of exposure mean data per 
recording site.  Hence, as EEG data was simultaneously accumulated from three recording 
sites (Figure 3.2), there were three sets of sham/exposure EEG data to be analysed for each 
subject in the full-power mode and standby mode trials.    
A paired t-test was conducted to statistically analyse whether there were any significant 
differences between the resultant averaged power in the sham and exposure data sets.  The 
results of the t-test are outlined in Tables 3.1 & 3.2 where p-values are considered 
significant at less than 0.05.   
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In addition to determining the statistical levels of difference between the mean sham and 
exposure EEG recordings within the delta, theta, alpha, and beta bands, further analysis 
was undertaken to observe whether there were any trends in the number of subjects 
indicating a decrease or increase in EEG power as a result of the full-power mode and 
standby mode exposures.  To do this, for each subject, the median sham data minus the 
median exposure data was calculated for each discrete EEG rhythm between 1 – 32 Hz.  As 
the exposure data was subtracted from the sham data, a negative result was labelled an 
FULL-POWER MODE TRIAL 
                                        DELTA                           THETA                         ALPHA                            BETA 
Recording 
Site 
95% CI 
(µV) 
p-value 95% CI 
(µV) 
p-value 95% CI 
(µV) 
p-value 95% CI 
(µV) 
p-value 
Frontal -2.3, 7.0 0.281 -1.3, 3.8 0.289 -0.5, 1.8 0.264 -0.6, 1.1 0.519 
Central -1.0, 9.0 0.106 -1.9, 7.0 0.232 0.1, 3.7 0.038 0.03, 1.9 0.045 
Occipital -0.4, 11.3 0.065 -1.3, 8.8 0.13 -0.1, 5.3 0.06 0.01, 3.0 0.049 
STANDBY MODE TRIAL 
                                       DELTA                            THETA                        ALPHA                               BETA 
Recording 
Site 
95% CI 
(µV) 
p-value 95% CI 
(µV) 
p-value 95% CI 
(µV) 
p-value 95% CI 
(µV) 
p-value 
Frontal -2.1, 0.4 0.166 -0.6, 0.2 0.320 -0.4, 0.1 0.337 -0.3, 0.1 0.332 
Central -1.5, 2.3 0.621 -0.8, 2.3 0.287 -0.3, 0.6 0.442 -0.2, 0.3 0.775 
Occipital -0.5, 1.7 0.215 -1.0, 0.9 0.916 -1.2, 1.2 0.959 -0.2, 0.3 0.583 
Table 3.1  T-test results indicated for the full-power mode trial where averaged sham exposure recordings were 
compared to averaged exposure test recordings in the delta, theta, alpha, and beta EEG bands.  Statistical levels were 
considered significant at p-values < 0.05 (shown in bold). 
Table 3.2  T-test results indicated for the standby mode trial where averaged sham exposure recordings were compared 
to averaged exposure test recordings in the delta, theta, alpha, and beta EEG bands.  Statistical levels were considered 
significant at p-values < 0.05.  
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‘increase’ in EEG power, a positive result was labelled a ‘decrease’ in EEG power, and a 
null result was labelled a ‘no difference’ in EEG power.  Figures 3.3 & 3.4 indicate the 
percentage of subjects that indicated an EEG power decrease in each EEG rhythm as well 
as show the corresponding distributions of the frontal, central, and occipital recording  
regions of interest.   
Importantly, it should be recognised in viewing results that a ‘decreased’ difference for 
example in EEG spectral power from differential recordings (i.e. the spectral power 
‘difference’ usually between two symmetrical sites) as applied in this study, does not 
correspond to decreases that may otherwise be shown in referential recordings, such as 
EEG electrode sites referenced to the mastoid (or a near approximate zero electrical 
potential).  Rather, a ‘decreased’ difference between differential recordings at symmetrical 
locations (such as recorded from Fp1 and Fp2 over comparison of sham and exposure 
conditions) may be logically determined to represent ‘increased’ spectral coherence 
between paired sites.   Likewise, in contrast, an ‘increased’ difference in EEG spectral 
power between differential recordings (sham vs. exposure) from the same paired sites, may 
be logically determined to represent ‘lowered’ spectral coherence between the recordings.  
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Figure 3.3 Full-power mode trial results. (a).  For each subject, the median sham data minus the median exposure data was 
calculated for each discrete EEG rhythm between 1 – 32 Hz.  Resultant decreases in EEG power were identified. The 
percentage of subjects indicating a decrease in EEG power are shown in each rhythm from the standard frontal, central, and 
occipital regions.  (b).  The corresponding distribution plots of Figure 3.3(a).  The ‘boxes’ indicate where at least 50% of the 
distribution lies.  The ‘box-whiskers’ and asterisks (data outliers) together indicate where at least 25% of the distribution 
lies.  The circles indicate the median point of the distribution.   
 
(a).   (b).   
Figure 3.4  Standby mode trial results. (a).  For each subject, the median sham data minus the median exposure data was 
calculated for each discrete EEG rhythm between 1 – 32 Hz.  Resultant decreases in EEG power were identified. The 
percentage of subjects indicating a decrease in EEG power are shown in each rhythm from the standard frontal, central, and 
occipital regions. (b).  The corresponding distribution plots of Figure 3.4(a).  The ‘boxes’ indicate where at least 50% of the 
distribution lies.  The ‘box-whiskers’ and asterisks (data outliers) together indicate where at least 25% of the distribution lies.  
The circles indicate the median point of the distribution.   
 
 
(a).   (b).   
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A subsequent paired t-test was conducted on the overall median EEG paired sample to 
assess the significance of difference in each band where a very high percentage (80% +) of 
subjects indicated a resultant decrease in EEG spectral power.  Rhythms where a low 
percentage (20% or less) of subjects indicated a resultant decrease were also of interest as 
this was equivalent to high percentage of subjects indicating an increase in EEG power.  
The results of the t-test are indicated in Tables 3.3 & 3.4 for the full-power mode and 
standby-mode trials respectively.  The tables indicate the EEG rhythms and corresponding 
recording sites at which the high tendency decreases and increases occurred as well as the 
resultant p-values (considered significant at p<0.05).  
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EEG 
Rhythm 
(Hz) 
 
 
 
Rec. 
Site  
 
 
 
% of 
Subjects 
Indicating 
Decrease 
 
 
95% CI 
(µV) 
 
 
p-value 
3 F 20 -3.1, 4.6 0.673 
9 F 90 0.1, 0.6 0.009 
 
3 C 80 -1.9,10.2 0.155 
5 C 80 -1.3, 7.5 0.141 
7 C 80 0.6, 5.0 0.020 
9 C 80 0.5, 4.9 0.022 
19 C 80 -0.1, 1.7 0.076 
30 C 80 -0.1, 1.7 0.070 
 
4 O 80 -0.9,10.3  0.089 
5 O 80 -0.8, 9.7 0.087 
7 O 90 0.5, 9.0 0.032 
8 O 90 0.7, 8.7 0.026 
9 O 80 0.9, 6.9 0.017 
10 O 80 -0.4, 7.5 0.073 
14 O 80 -0.3, 5.2 0.071 
16 O 80 -0.2, 5.7 0.065 
17 O 80 0.0, 5.3 0.050 
19 O 80 0.0, 4.9 0.050 
20 O 80 -0.4, 5.4 0.086 
22 O 80 -0.1, 4.3 0.063 
23 O 80 -0.1, 3.6 0.056 
25 O 90 -0.1, 3.5 0.061 
26 O 80 -0.2, 3.0 0.082 
27 O 90 0.1, 2.6 0.034 
28 O 90 -0.0, 2.4 0.055 
29 O 90 -0.2, 2.4 0.078 
30 O 80 -0.5, 2.7 0.151 
31 O 80 -0.7, 2.4 0.248 
32 O 80 -0.5, 1.8 0.231 
 
 
EEG 
Rhythm 
(Hz) 
 
 
 
Rec. 
Site 
 
 
 
% of 
Subjects 
Indicating 
Decrease 
 
 
95% CI 
(µV) 
 
 
p-value 
11 F 20 -0.8,0.03 0.069 
12 F 0^ -0.5,-0.1 0.004 
9 C 80 -0.2, 5.1 0.062 
19 C 80 -0.1, 0.9 0.090 
21 C 80 -0.1, 0.6 0.093 
FULL-POWER MODE TRIAL 
Table 3.3  T-test results in the full-power mode trial 
following analysis of differences in sham and exposure 
median spectral power.  Shown are the significant levels of 
cases where a high and low percentage of subjects 
indicated resultant decrease in EEG power.  F = Frontal; C 
= Central; O = Occipital. 
STANDBY MODE TRIAL 
Table 3.4  T-test results in the standby mode trial 
following analysis of differences in sham and exposure 
median spectral power.  Shown are the significant levels of 
cases where a high and low percentage of subjects 
indicated resultant decrease in EEG power.  F = Frontal; C 
= Central; O = Occipital  
^ 0% decrease though 90% of subjects indicating increase 
in EEG power due to one subject showing a ‘no 
difference’ between sham and exposure data. 
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In addition to the full-power and standby mode trials, electrode lead susceptibility to RF 
emissions from a Nokia 6110 mobile phone in active talk mode was tested.  In this trial two 
EEG electrodes were positioned 10 cm apart on an adults thigh, perpendicular to the length 
of the leg.  The subject was seated still with the thigh horizontally at rest to prevent 
possible pickup of biopotential activity caused by movement.  As in the full-power and 
standby mode trials, five 5-minute differential sham exposure and exposure recordings 
were logged by the Mindset EEG acquisition unit.  The exposure recordings required the 
mobile phone to be suspended 2 cm above the thigh, at the mid-point between the two 
electrodes.  A paired t-test was conducted to compare the average spectral sham exposure 
and exposure data in the EEG delta (1 – 4 Hz), theta (4 – 8 Hz), alpha (8 – 13 Hz), and beta 
(13 – 32 Hz) bands.  Resultant statistical levels in all four bands indicated p-values greater 
than 0.2 indicating no significant difference between the mean sham exposure and 
exposure data (p-values considered significant at p<0.05). 
3.5 Discussion 
 
Results of the full-power mode trial where the average spectral power in the delta, theta, 
alpha, and beta EEG bands were considered (Tables 3.1 & 3.2) indicate that there were 
statistically significant levels of difference between the sham and exposure tests conducted.  
These results can be seen in Table 3.1 (highlighted) in the alpha and beta bands from the 
central recording site (p = 0.038 and p = 0.045 respectively) and in the beta band from the 
occipital region (p = 0.049).  The 95% confidence intervals of these significant results 
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suggest that there was a decrease in mean EEG potential between as low as 0.01 µV to 3.7 
µV during the full-power mode exposure.  Notably, there was no apparent alteration in 
EEG activity from the frontal region.  This absence of change in frontal region activity 
coincides with reports made by Reiser, et al. [Reiser et., 1995] where the active mobile 
phone source was also placed behind the subject’s head.  No statistically significant results 
are apparent in the standby mode trial (Table 3.2) over the delta, theta, alpha, and beta 
bands.   
Also indicating no statistically significant levels in the four EEG bands of interest were the 
results of the electrode lead susceptibility trial where EEG electrode leads (positioned on a 
subject’s thigh) were exposed to mobile phone talk mode emissions.  The results of this 
trial suggest that neither the GSM talk mode emissions nor the data acquisition equipment 
influenced the electrode leads during EEG recordings.  These findings are in accordance 
with other investigators who also report negligible effects of mobile phone RF emissions 
on EEG electrode leads [Hietanen et al. 2000].     
Apart from analysis of average spectral power in the delta, theta, alpha, and beta EEG 
bands, analysis of sham and exposure median differences in discrete EEG rhythms were 
considered (Figures 3.3 & 3.4).  Figure 3.3(a) indicates results of this analysis for the full-
power mode trial.  Observation of the figure shows a particularly high percentage (80% +) 
of subjects indicating a decrease in EEG power over most of the occipital EEG rhythms.  
Furthermore, the occipital results can be seen to be evidently higher than the frontal and 
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central region results.  The distribution plots (box graphs) of Figure 3.3(b) outline this 
particular observation.  The occipital distribution in Figure 3.3(b) demonstrates that in at 
least 75% of the 32 EEG rhythms analysed 70% – 90 % of subjects indicated a decrease in 
EEG power.  Neglecting data outliers, approximately 25% of the corresponding central and 
75% of the frontal distributions lie below the occipital plot.  Consequently, the full-power 
mode distributions of Figure 3.3(b) appear to steadily decline from occipital (highest), to 
central, to frontal (lowest).  It is speculated that this may occur due to the mobile phone 
exposure being applied from the rear of the head (closer to the occipital region and furthest 
from the frontal region).   
Unlike the full-power mode trial results described, the corresponding standby mode graphs 
of Figure 3.4 do not appear to demonstrate any outstanding characteristics.  Nonetheless, at 
9 Hz, 19 Hz, and 21 Hz a high percentage of subjects (80% +) indicated a decrease in EEG 
spectral power.   
Tables 3.3 and 3.4 indicate all high and low percentages of subjects indicating a decrease 
in EEG power for the full-power mode and standby mode trials respectively.  As outlined 
previously, a low percentage (20% or less) in number of subjects indicating a decrease in 
EEG power is equivalent to a high percentage of subjects indicating an increase in EEG 
power.  Thus, it can be seen that a high percentage of subjects indicated an increase in EEG 
power at 3 Hz in the full-power mode trial (Table 3.3) and at 11 Hz and 12 Hz in the 
standby mode trial (Table 3.4).  Furthermore, at 12 Hz the difference in sham and exposure 
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median spectral power was found to be statistically significant (p = 0.004; Frontal region; 
CI: -0.5,-0.1) as highlighted in Table 3.4.   
Significant p-values in the full-power mode trial for a high percentage of subjects 
indicating a decrease in EEG power were also identified (highlighted in Table 3.3).  They 
occurred at 9 Hz in the frontal region (p = 0.009,  CI: 0.1, 0.6), in the central region at 7 Hz 
(p = 0.020, CI: 0.6, 5.0) and 9 Hz (p = 0.022, CI: 0.5, 4.9), and in the occipital region at 7 
Hz (p = 0.032, CI: 0.5, 9.0), 8 Hz (p = 0.026, CI: 0.7, 8.7), 9 Hz (p = 0.017, CI: 0.9, 6.9), 
17 Hz (p = 0.05, CI: 0.0, 5.3), 19 Hz (p = 0.05, CI: 0.0, 4.9), and 27 Hz (p = 0.034, CI: 0.1, 
2.6).   Of particular interest amongst these significant levels are 7 Hz (Theta rhythm), 8 Hz 
(alpha rhythm), and 9 Hz (alpha rhythm) as these frequencies are in succession and 
therefore are less likely to have occurred by statistical chance.  Furthermore, these 
frequencies have relatively substantial 95% confidence intervals ranging minimally from 
0.5 µV to at least 6.9 µV.  It is also very interesting to note that EEG rhythms 7 Hz and 9 
Hz indicate statistically significant values (for decrease in EEG power) in both the occipital 
and central recording sites.  Moreover, statistically significant levels are evident at 9 Hz in 
all three recording sites.  
3.6 Conclusions 
 
This preliminary study suggests that a change in human brain wave activity occurred in the 
alpha (8 – 13 Hz) and beta (13 – 32 Hz) EEG bands during exposure to a GSM mobile 
phone configured to transmit at full-radiated power.  A corresponding statistical analysis in 
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EEG bands during exposure to a GSM mobile phone in standby mode did not indicate any 
significant levels of change.  Aside from this analysis in EEG bands, median differences 
between sham and exposure EEG data in each discrete EEG rhythm (from 1 - 32 Hz) were 
observed.  Results of the full-power mode trial showed that in at least 75% of the 32 EEG 
rhythms analysed 70% – 90% of subjects indicated a decrease in EEG power.  This again 
suggested that the full-radiated power might be responsible for alteration in the normal 
(sham exposure) EEG recordings.  No predominant characteristics were apparent under 
standby mode conditions.  A subsequent statistical analysis was conducted for the cases 
where a very high percentage of subjects indicated a resultant decrease or increase in EEG 
power.  Results of particular interest were consecutive findings at 7 Hz (Theta rhythm), 8 
Hz (Alpha rhythm), and 9 Hz (Alpha rhythm) that indicated statistically significant 
decrease in EEG power from the occipital region in the full-power mode trial.  In addition, 
a decrease in EEG power at 7 Hz and 9 Hz were found to be statistically significant in both 
the occipital and central recording sites.  Moreover, in the full-power mode trial, 
statistically significant levels were apparent at 9 Hz from all three recording sites (frontal, 
central, and occipital).   
In conclusion, from the perspective that far greater statistical significance and notable 
characteristics were evident in the full-power mode trial than in the standby mode trial 
(almost negligible significance), it is speculated that the field characteristics of the full-
power mode exposure may influence human brain activity.  However, this is a pilot study 
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and should be considered as such.  Aspects for further research (as addressed in Chapter 8) 
expand on this study by the implementation of a randomised and fully counterbalanced 
double-blind investigation to examine both 900 MHz and 1800 MHz pulsed exposures on 
the EEG as well as on the ECG and blood pressure.  Notably, for the first time in an awake 
EEG study a significant sample size of 100 participants are tested considerably near to 
SAR levels of exposures close to the maximum allowable limit of 2 W/kg over any 10 g of 
tissue. 
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Chapter 4 
 
 
 
 
Development of a Test Handset to Better 
Assess Bioeffects from Mobile Phone 
Exposures 
 
 
 
 
4.1 Introduction 
 
In regards to neurophysiological studies investigating mobile phone exposures on test 
participants, there are a number of critical factors that should be considered in the 
selection or design of the exposure source so as to avoid misleading results or 
anomalies arising in experimental test measurements.   Amongst reported studies where 
biosignal test measures have been recorded while active mobile phone exposures are 
present, the type of RF source has ranged considerably.  Exposure sources which have 
been previously adopted have included real mobile phones positioned at near and far 
field distances from the head [Krafczyk et al., 2000][Gehlen et al., 1997], different 
antenna arrangements including externally driven dipoles and monopoles [Huber et al., 
2000][Papageorgiou et al., 2001] [Fritzer et al., 2007][Regel et al., 2007], while others 
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have implemented programmable handsets [Hamblin et al., 2006][Maby., 2006].  
Exposure system positioning with respect to the participants head has also varied 
including methods where the exposure source has been active and near to the 
participants ear, behind the head, or from distances spanning from beneath a bed whilst 
participants are lying asleep or at rest [Mann et al., 1998] [Wagner et al., 
1998][D’Costa et al. 2003].  However, while most reported studies have generally 
considered a seemingly stringent exposure source arrangement, confounding factors 
resulting from the EMF source or exposure position are not often accounted for, and 
thus has in many cases presented ambiguity as to whether the trialed exposure itself has 
been responsible for positive outcomes noted.  Such experimental confounding factors 
due to the exposure source can include -  
1. Heat generated from internal circuitry from mobile phones radiated next to the 
head which may cause temperature rises of up to 4.5 °C to the ear [Gandhi et al., 
2001], as well as heating due to the RF from handset antennas may also be 
accounted, but for a fraction of a degree  [Hirata et al., 2003].  Considering that 
heating may cause significant temperature rise, increased SAR variation, as well 
as discomfort to the participant during lengthy experimental procedures, 
possibly undetectable artifacts could arise in physiological measures. 
2. Pulsed low frequency fields from a battery or internal circuitry from a mobile 
phones such as at 2 Hz [Heath et al.., 1998], may cause confounding effects in 
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biosignal acquisition units measuring low frequency producing biological 
signals such as the EEG or ECG, consequently making it a perplexing task to 
distinguish the signals from real test measures. 
3. Power and frequency variability in modulation modes of mobile phone 
transmission, such as mode switching to discontinuous transmission (DTX) may 
also invariably cause fluctuations in test measures and consequent 
inconsistencies in experimental outcomes unless appropriately accounted for 
[Tillmann et al., 2006]. 
4. Acoustic cues or data processing responses from an active mobile phone may 
also alter sensitive test measures by inducing acoustic artifacts in the biosignal 
responses [Niedermeyer & Da Silva, 1993][Fisch, 1999]. 
5. Distance variability of the RF exposure source from the head (although not 
associated with the exposure source operation itself) may be shown to 
considerably alter the SAR into the head even at small distances (~1 mm) 
[Schonborn et al., 1998].  Consequently uncertainties in interpretation of test 
measures may result if the exposure source is not monitored in a fixed position 
with respect to the test participants head.  
 
In the pilot investigation, as described in Chapter 2, all five of these confounding 
factors were accounted for by - 1. Using controlled exposures excluding low frequency 
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interrupts (900 MHZ pulsed at 217 Hz; nominal average output: 250 mW), and 2. 
Placing the handset in a horizontal position behind the head so that internal circuitry 
and battery heating was considerably away from the head.  However, for the major 
study (described in Chapter 7) it was intended to place the handset in an ear to mouth 
position, as would be the case in normal mobile phone use.  In important consideration 
that in practical assessment standard protocols to determine SAR levels from behind the 
head do not exist, one main reason for intending to place the handset near the ear was 
so specific energy absorption rate (SAR) levels inside the head could be validly 
measured, assessed, and reported.  However, to accomplish keeping the handset near 
the ear as well as to avoid all noted confounding factors above, a handset other than the 
programmable mobile phone as used in the pilot study needed to be selected.  Due to 
this necessity, it was decided to design and construct a suitable experimental handset. 
The following chapter aims to outline the design and development, construction phase, 
and SAR testing of a modeled mobile phone handset for use in the major investigation 
(Chapter 7).  The design of the experimental handset was mainly inspired by mobile 
phone models as described and implemented by Reiser et al. [Reiser et al., 1995] and 
Mochizuki et al. [Mochizuki et al., 2002].  In addition, subsequent sections of this 
chapter will describe the computational analysis undertaken to validate practical SAR 
measures as well as to estimate the electric field distribution surrounding a head.  The 
important design of handset’s holder is also described. 
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4.2 The Design and Construction of Two Test Model 
Handsets 
 
Two different dummy mobile phone handsets were initially designed for experimental 
purposes including an aluminium body model (as similar to Mochizuki et al. 2004 and 
Rowley, 1999) and a perspex model (similar to Reiser et al. 1995).  Both handsets 
adopted the common design configurations of a rectangular block body with an internal 
coaxial feed through its length to accommodate for an external RF signal feed at its 
base and interchangeable antennas at its top.  Four antennas were designed for the units 
including two ¼  monopole antennas and two helical antennas that would 
accommodate both 900 MHz and 1800 MHz signals.  The antennas of the designed 
models were uniquely made by stripping a short length semi-rigid coaxial cable with an 
SMA connection end.  The SMA connector end provided an ideal RF feed point and a 
secure mounting base to connect to the handset’s coaxial feed presumably with a good 
match which would later be measured.  Insulation or heat-wrap was used to cover the 
antennas on both sets of antenna types made.  The antennas for both handset models 
were centered at the half-width point of the top left side of the rectangular bodies as 
shown in Figure 4.1 below.  Accurate centering of the antennas between the top widths 
of the handsets were ensured so that the handset could be optionally used on both sides 
of a participants head considering that even minimal variations in the distance from the 
heads of test participants can cause a considerable variation in SAR [Schönborn et al., 
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1998].  Design implications to accomplish this included having to securely and 
precisely embed the inner coaxial feed cable lengths to the correct depth within each 
rectangular block.  A thin (~3 mm) aluminium and perspex lid was constructed to 
conceal the embedded coaxial feeds in both the aluminium and perspex handsets. 
 
 
 
 
 
 
RF input from 
signal generator 
RF input from 
signal generator 
Block depth (with 
lid): 1.7 cm 
Block width: 4 cm 
 
Assembly holes to 
screw on lid and 
external support 
bracket  
 
Figure 4.1 Shown above are the structural details and dimensions of the constructed Aluminium and 
Perspex handset models designed. 
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Important design considerations when imbedding the coaxial feed included: 1. 
Provision for allowances in appropriate cutaways in the handsets main body to prevent 
ease of interchange of the antenna type for use during experimental trials; 2. 
Allowances for the SMA antenna mounting connection assembly to sit flush at the top 
surface of the handset, so as to maximize the effective ground plane of the aluminium 
handset body and minimize non-linearaties; and 3. Provision for a brass load for the 
perspex body handset, which was uniquely adjoined at the semi-rigid coaxial feed point 
on the antenna’s SMA mounting base, hence providing adequate ground plane 
conditions for the near lossless body.  This cylindrical brass load can be observed 
within the transparent designed perspex handset model shown in Figure 4.1 above.  
Following construction of the handsets the antenna input impedance was assessed.  
Measurements of the impedance at the antenna feed point were determined by 
measurement of the RF return loss of the handsets at both operating frequencies with 
the corresponding monopole or helical antenna in place.  Using a network analyzer (HP 
8753ES), the complex impedance of the handset with the aluminium body was 
measured at approximately 40 – 60j (Input power: ~170 mW).  However, using the 
same protocol, the impedance of the perspex handset was shown to provide an almost 
idealistic match at ~50 .  Although the perspex model had indicated a more ideal 
electrical match it was ultimately decided that the aluminium body should be used later 
for experiments.  This decision was mainly made upon the basis that the aluminium 
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body was more comparable to a real handset given that the body of the phone is 
metalised and forms part of the radiating source [Kivekäs and Ollikainen, 2004].  
Additionally, it would be easier for other investigators to reproduce this model if 
necessary. 
The following sections aim to describe the SAR compliance measurements and RF 
modeling undertaken to further evaluate the RF exposure response of the selected 
aluminium test handset. 
 
4.3 Compliance Measurement of the Aluminium 
Model Handset  
 
 
In order for the handset to be officially compliant for use in experiments with test 
participants the handset was required to be tested for its rated Specific Absorption Rate 
(SAR) at both 900 MHz and 1800 MHz.  This would also later aid in obtaining the 
appropriate Ethics approval for its use in human experiments.  As identified in Chapter 
1, the ARPANSA RPS3 standard [ARPANSA, 2002] specifies a maximum allowable 
general public limit for RF exposure to the head and torso at 2 W/kg over any 10 gram 
of tissue.  To ensure the handset’s radiated output produced a SAR below this limit, 
several official SAR evaluations of the experimental handset were undertaken at EMC 
Technologies Pty Ltd in Australia.  In addition to ensuring compliance, it was of 
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interest to also tune the handset to as close to 2 W/kg as possible to obtain test 
conditions close to a worst case scenario.  In order to tune the handset three SAR 
evaluations for both 900 MHz and 1800 MHz operating frequencies were conducted.  
SAR measures were acquired by use of a standard automated robotic arm facility used 
to probe a liquid tissue-equivalent filled phantom head or Specific Anthropomorphic 
Mannequin (SAM) with the aluminium active test handset in position below it in 
accordance with applicable IEEE 1528 Standard recommendations for SAR 
measurements [IEEE 1528, 2003].  Figure 4.2 below indicates the SAR output for one 
of the “touch left” positions as evaluated beneath the left side of the SAM head.  The 
handset was tuned close to the maximum allowable limit by proportionally increasing 
the handset’s input power levels via an RF signal generator following each evaluation, 
for each test frequency.  The SAR robotic probing system, which incorporated an E-
field probe (ET3DV6), was automated using Dosimetric Assessment System (DASY4) 
software.  
As the SAR measurements require a very meticulous setup, a total of approximately 10 
hrs was required to tune the handset to produce adequate SAR levels.   Time and 
expense was a restriction on how well the handset may have been tuned to desired 
maximum levels, however the final measurements at tuned input powers of the handset 
provided suitable readings of the SAR of up to 70%-75% of the maximum allowable 
limit.  However, considering that SAR measurement uncertainty levels can be quite 
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significant (± 26.4 %) [IEEE 1528, 2003], the test handset results overall demonstrated 
very good approximated levels for use to test worst case conditions with test 
participants.  The resultant SAR levels for both 900 MHz and 1800 MHz CW 
exposures were as follows – 1.  At 900 MHz CW exposure, the peak spatial-average 
SAR was 1.56 W/kg over any 10 gram cube at an input power of 276 mW; At 1800 
MHz CW exposure, the peak spatial-average SAR was 1.4 W/kg over any 10 gram 
cube at a handset input power of 163 mW. 
 
 
  
 
Figure 4.2  Shown above (left) is the SAR robot test facility as used to probe a SAM phantom head model 
where the radiating test handset was positioned below.  The liquid dielectric properties for average head at 
900 MHz were  = 0.97 S/m  ’r = 41.5;  and at 1800 MHz  were    = 1.38 S/m, ’r = 40.  An example of 
the corresponding ‘DASY 4’ software output response of the evaluation is also shown (right) indicating the 
SAR 10 gram cube and spatial-peak location for the 900 MHz touch ‘left’ position. 
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4.4 Computational Modeling of the Test Handset and   
Validation of SAR Measurements 
To evaluate and characterise the RF response of the test handset at the predetermined 
input power levels, computational modeling of the handset’s RF field distribution was 
undertaken.   A 3D electromagnetic modeling software package FEKO V.5.2 (Method 
of Moments (MoM) based – see Meyer et al., 2001), was used to create a dimensionally 
correct model of the handset in free space to be simulated for both 900 MHz and 1800 
MHz continuous wave (CW) test exposures.  Results of these simulations are provided 
below in Figure 4.3 indicating the electric field response with corresponding gain plot 
at both operating frequencies.  In accordance with the practical SAR measurements for 
compliance of the test handset which indicated 1.56 W/kg at 900 MHz and 1.4 W/kg at 
1800 MHz (Section 4.3), the electric field distribution at 900 MHz may also be 
similarly shown to be approximately 15 - 25% greater than the electric field estimate 
for the 1800 MHz exposure, at the same distance in the far-field region (as indicated 
approximately 20 – 30 cm from the reference antenna and handset body). 
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Figure 4.3  Shown are the computational results of the electric field response and corresponding gain plot 
for the modelled experimental handset operating at both 900 MHz and 1800 MHz CW frequencies. 
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Given in Section 4.3, that in standard practice SAR uncertainty measurement estimates 
can be quite large, it was also of interest to determine computational estimates SAR 
levels of the model handset.  Specifically, it was of interest to indeed ensure that SAR 
levels would be near the maximum allowable limit for experimental purposes. 
Moreover, given that the handset would later be mounted near to the heads of many test 
participants and that reports using different antenna models have been shown to 
indicate significant changes in SAR at small (millimeter) varied distances [Schönborn 
et al., 1998][Bahr et al., 2006][Beard and Kainz, 2006] it was also necessary to quantify 
the effects of varying the modeled handset at different angles from the head.   
To determine the computational outputs of SAR under the described conditions, a 
FEKO homogeneous head model1 as based on dimensions of the IEEE SAM phantom 
[IEEE 1528, 2003] was incorporated with the geometric model of the experimental 
handset as shown in Figure 4.4 below.  Three positions of the handset with respect to 
the head were arranged.  As indicated in the first diagram (Figure 4.4 - far left), the 
handset was modeled in the ear-mouth position near the ear (1 mm away) as an estimate 
of the practical SAR assessment of the handset as described in Section 4.3.  In the 
second arrangement (Figure 4.4 – middle) the handset was oriented in a tilt position 
with the antenna rotated outward 15 degrees away from the head (about its vertical 
plane), specifically with the top edge of the handset near to the mid-point of the pinna.  
                                                 
1
 FEKO head model - provided under licenced membership (see www.feko.co.za) 
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In the third arrangement (Figure 4.4 – right) the antenna was tilted inward 15 degrees 
toward the head.  For this condition the handset was required to be moved ~ 2 mm 
away from the head so that the lower body of the handset would not touch the head 
model.   
In summary the simulation protocol was to determine the peak spatial-average SAR 
over any 10 gram of tissue at 900 MHz (276 mW) and 1800 MHz (163 mW) for the 
following three test conditions:  
 
1. No antenna tilt  
2. 15 degrees outward antenna tilt 
3. 15 degrees inward antenna tilt   
 
The results of the peak spatial-average SAR level for each condition as well as the 
corresponding spatial-peak location are indicated below in Figures 4.4 and 4.5, 
respectively. 
 
  
 
 
 
 
 
 
 
 SAR over 10 g (W/kg) 
 
At 900 MHz –   1.525 
At 1800 MHz – 1.959 
 
SAR over 10 g (W/kg) 
 
At 900 MHz – 1.33 
At 1800 MHz – 0.761 
 
SAR over 10 g (W/kg) 
 
At 900 MHz –   1.415 
At 1800 MHz – 2.386 
 
 
No antenna tilt Antenna at 15 degrees 
outward tilt 
Antenna at 15 degrees 
inward tilt 
 
No antenna tilt 15 degrees outward 
antenna tilt 
15 degrees inward 
antenna tilt 
Figure 4.4  Shown are the computational SAR results for varying the handset (15°) with respect to the head.  
Peak spatial-average SAR levels are as indicated inside the ‘FEKO’ model head, at generated handset exposures 
of 900 MHz and 1800 MHz. Dielectric constants for head were specified at 900 MHz:  = 0.97 S/m and ’r = 
41.5; and at 1800 MHz:  = 1.38 S/m, ’r = 40 [IEEE Std 1528, 2003]. 
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By observation of Figure 4.4, it may be noted that the outcomes for the ‘no antenna tilt’ 
condition indicated SAR outputs of 1.525 W/kg and 1.959 W/kg for the 900 MHz and 
1800 MHz test exposures respectively.  In comparison, the practical measurements of 
SAR (Section 4.3) that most closely correspond to the no tilt condition, indicated peak 
spatial-average SAR levels of 1.56 W/kg at 900 MHz and 1.4 W/kg at 1800 MHz.   As 
may be noted at 900 MHz there is a marginal difference in the SAR level (2.3%) 
however at 1800 MHz the difference is more considerable (28.5%).  Three factors 
which may account for these discrepancies include, 1. There is a shell thickness 
Figure 4.5  Shown are the computational results for the location of the peak spatial-average SAR as estimated 
over 10 g of tissue (red cube), when tilting the modelled handset (15°) with respect to the head.  Exposures from 
the handset were generated at both 900 MHz and 1800 MHz.  Dielectric constants for head were specified at 900 
MHz:  = 0.97 S/m and ’r = 41.5; and at 1800 MHz:  = 1.38 S/m, ’r = 40 [IEEE Std 1528, 2003]. 
 
No antenna tilt (900 MHz) Outward antenna tilt (900 MHz) Inward antenna tilt (900 MHz) 
 
 
No antenna tilt (1800 MHz) Outward antenna tilt (1800 MHz) Inward antenna tilt (1800 MHz) 
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associated with the SAM phantom head (2 mm), which is absent in the computational 
FEKO model, hence increasing the difference; and 2. The computational head model 
has a lossy exterior ear (~2 mm thick) with dielectric properties as nominated for head, 
while the SAM phantom head has an approximate lossless ear which withholds the 
handset approximately 4 mm from liquid properties inside the shell, and 3.  Formal 
uncertainty as discussed in the standard practical test measurements can be considerable 
(±26.6 %).  Despite these three differences between the practical and computational 
head models, the corresponding measures of SAR with the test handset may still be said 
to show fair agreement with one another, particularly as it may be said that all four 
values of SAR ranged between 1.4 W/kg and 1.96 W/kg.  This issue shall nevertheless 
be readdressed in more detail in Chapter 6 where a novel head model is demonstrated 
which better clarifies this difference.   However, for the purpose of this Chapter, it is 
perhaps more important to note that SAR outcomes for the test handset placed in a 
standard ear-mouth position is unlikely to exceed the maximum allowable limit of 2 
W/kg however will likely fall near it for both exposures as required. 
Apart from a comparison of standard positioning, by observation of the effects between 
the 15° inward and outward tilt conditions of the test handset as shown in Figure 4.4, it 
can be seen that the SAR levels may vary more considerably at 1800 MHz than at 900 
MHz.  At 900 MHz, in comparison to the ‘no antenna tilt’ condition as described 
above, the results for the ‘outward antenna tilt’ and the ‘inward antenna tilt’ indicated 
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only marginal differences, specifically a 13 % decrease and 7 % increase in SAR 
respectively.  However as noted, the same results as indicated for the 1800 MHz were 
considerably much larger indicating a 61.2 % decrease for the outward antenna tilt and 
an 18 % increase in SAR level for the inward tilt condition.  Nonetheless, the smaller 
changes in SAR levels for the 900 MHz exposures, unlike at 1800 MHz, can be seen to 
notably influence the location of the 10 gram cube as indicated in Figure 4.5.  In 
particular, at 900 MHz the location of the SAR 10 gram cube inside the head is shown 
to relocate to the projected mid-section of the handset’s body for the antenna outward 
tilt, and in contrast, towards the projected mid-section of the antenna for the antenna 
inward tilt condition.  The corresponding 1800 MHz exposure results however can only 
be observed to indicate negligible changes between the handset tilt conditions in terms 
of the location of the peak spatial-average cube.  Notably, the actual ‘orientation’ of the 
cube itself can be noted to be the result of the specific placement (by the FEKO 
simulator) of the cube’s faces parallel to the closest dielectric boundary surface inside 
the head model. 
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4.5 The Handset Support Apparatus 
The computational results as indicated in Figures 4.4 and 4.5 provide a theoretical 
prediction of the considerable variability in SAR that may occur when handset position 
variations are shifted near the head.  From these simulated findings it was affirmed that 
a rigid support for the test handset was critical for use in experimental trials with 
participants.  Consequently, a rigid but flexible bracket apparatus as indicated below in 
Figure 4.6 was designed and improved to meet this criteria.  The figure indicates the 
characteristics of the handset bracket assembly as demonstrated next to the head.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A T-bracket support restricts the handset to rotation 
around the horizontal plane only, hence minimising 
SAR variations occurring inside the head due to 
movement while permitting adjustment of the handset 
in the ear-mouth location.  
For position on either head side the bracket arm allows 
for stable rotation around centred plastic tubing.  The 
T-bracket may also securely slide along the plastic arm. 
A SMA right angle cable connection permits a 
connected RF signal feed cable to be guided away from 
a test participant. 
A steady head-rest must be located behind head so to 
allow the participant to rest their ear and partial weight 
of their head, between the handset’s face and the head 
support. 
A tubular sleeve (forming the top of the T-bracket) can 
permit a centred dowel piece that is screwed to the 
handset to rotate around the top of the T-bracket when 
the plastic joining screws are loosened (vertical tilt).  
Figure 4.6  Shown is the handset support apparatus as designed to secure the handset in a 
fixed position during experimental trials in order to minimise SAR variations occurring 
inside the test participants head. 
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4.6 Modeling of the Electric Field Distribution 
Surrounding the Head
A subsequent computational assessment of the model handset was also undertaken to 
determine the electric field distribution surrounding the head as results could potentially 
later be correlated to outcomes of EEG findings at particular recording regions of the 
brain.  The interesting results of these final simulations to assess the test handset are 
presented below in Figure 4.7 for both handset operating frequencies of 900 MHz and 
1800 MHz at the predetermined applicable input power levels of 276 mW and 163 mW.  
Notably, this analysis shall be extended in Chapter 6 where modeled EEG electrode 
leads are positioned on a novel computational head to represent a real experimental 
condition as pictured in Figure 4.6 above.
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 Frequency: 900 MHz 
Input power: 276 mW 
Tissue dielectric constants for head:  = 0.97 S/m;  ’r = 41.5 
 
 Frequency: 1800 MHz 
Input power: 163 mW 
Tissue dielectric constants for head:   = 1.38 S/m; ’r = 40 
 
 
 3D E-field distribution at 1800 MHz – Front and back view 
 3D E-field distribution at 900 MHz – Front and back view 
Figure 4.7  Shown is the electric field distribution surrounding the head (as indicated in dB-V) which was of 
interest to determine as results could potentially aid later in correlating outcomes of EEG findings at particular 
recording regions of the brain to visible field strengths outside.   
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4.7 Discussion and Conclusion 
 
The results as provided in this Chapter, are represented by the outcomes of the 
development stages undertaken to novelly design, construct, and develop a test handset 
to a controlled and usable level for use in future experimental work.  As outlined in 
Introduction, the main advantage of using a test handset rather than a real mobile 
handset, is that it eliminates important experimental confounding factors where 
investigation of RF effects on neurophysiological responses is of concern.  
Furthermore, as the test handset is externally driven by a RF signal generator it is 
identified as having a foremost advantage of being able to test different RF protocols 
such as pulsed 900 MHz or 1800 MHz exposures on the one unit.  Indeed at both 900 
MHz and 1800 MHz CW exposures, the handset was described to be novelly tuned to 
meet close to the maximum allowable SAR limit so that a worst-case scenario may be 
investigated in the EEG experimental procedures and results of the major study 
(outlined in Chapter 8).  Additionally, a computational assessment of the handset was 
undertaken to reasonably ensure that SAR outcomes of the practical compliance 
measurements, that are known to have a considerable uncertainty level of ±26.6%, were 
presumably closer to the maximum allowable limit.  This assessment indicated fair 
agreement with the practical measures with neither assessment exceeding the 2 W/kg 
limit or falling below 1.4 W/kg.  In further addition to these tests, the angular tilt of the 
handset with respect to the head was also assessed in terms of SAR level and peak 
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spatial-average location.  Outcomes of this computational assessment most clearly and 
importantly indicated that the experimental handset’s RF energy distribution inside the 
head would be considerable if moved only slightly during trials.  Specifically, for tilts 
up to 15 degrees, a 60% decrease change in SAR was found to occur at 1800 MHz, 
while at 900 MHz the peak spatial-average SAR, although not changing considerably 
(maximum 12.8 % decrease), could be noted to significantly shift from the upper 
antenna projected region to the corresponding lower handset region inside the head.  
These findings suggested that a robust unit would need to be designed to support the 
test handset if the tilting variable was to be controlled.  To facilitate this need, in 
consideration that double blind conditions would need to later be administered, a rigid 
and customized apparatus to enable the handset in a fixed position, was successfully 
designed and constructed. 
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Chapter 5 
 
 
 
 
Effects of EEG Electrode Leads on the 
Specific Absorption Rate of Radiofrequency 
Exposures from Mobile Phones 
 
 
 
5.1 Introduction 
In assessment of studies adopting the EEG to investigate the effects of mobile phone 
exposures on human brain function, there has been questions raised as to whether the EEG 
electrode recording leads in the vicinity of the exposure source may affect the level of SAR 
induced inside the heads of participants.  An assessment of induced RF pickup into the 
EEG recording leads as described in the pilot study (Chapter 3), provided some evidence 
that there was no statistically significant differences between sham and exposure trials 
when leads were attached to an adults thigh at rest (‘flat-line’ recordings) and connected to 
the active EEG acquisition unit (Mindset 1000).  However, on the other hand these trials 
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could not assess the potential for RF ‘shielding’ due to the electrode leads in terms of the 
amount energy that may be restricted into the head.  If there is high RF shielding effects 
due to electrode leads are current EEG studies measuring the effects of SAR levels which 
are not comparable to mobile phone usage?    
In terms of RF induction from mobile phone exposures into the EEG recordings leads 
alone, the literature suggests there may be only negligible associated effects [Hietanen et 
al., 2000][D’Costa et al. 2003][Wood et.al, 2003]. However, although directly comparable, 
quite a recent report by Angelone et al. [Angelone et al., 2004] suggested that much lower 
frequency electromagnetic fields as produced by MRI scans (128 MHz, 300 MHz), may 
indeed induce pickup into EEG recording leads and rather significantly increase SAR 
levels inside the head. 
To address these concerns, this chapter describes a study aimed at investigating whether 
SAR levels due to 900 MHz and 1800 MHz MP exposures are affected by standard arrays 
of EEG recording leads as arranged in accordance with the EEG 10/20 and 10/10 
International Systems on the left side of a Specific Anthromorphic Mannequin (SAM) 
phantom. 
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5.2 Materials and Recording Methods 
A DASY-4 robotic SAR measurement facility* was used to measure the SAR distribution 
of mobile phone exposures inside a SAM phantom head model fitted with a standard 10/20 
EEG electrode cap (Quik-Cap).  The EEG cap in total consisted of 19 tin electrodes with 
outer-side accompanying leads of approximately 1 m in length.  However, due to the right 
side of the SAM phantom head requiring clearance for SAR probing only the middle and 
left-half of the cap’s electrodes and leads were positioned.  This arrangement was secured 
to the head phantom with durable tape about the peripheral lining of the cap.  Stray lead 
lengths which fed towards the back of the cap were taped along and away from the spine of 
the phantom.  To ensure a realistic setup, EEG electrode gel was also inserted beneath each 
of the positioned electrodes. 
The mobile phone exposures were generated from the experimental mobile phone model as 
described in Chapter 3.  The model handset was placed against the phantom head’s left ear 
and was oriented in accordance with the ‘touch’ position as outlined in the SAR 
measurement protocols specified by the IEEE [IEEE P1528, 2003].  However, this 
placement was restricted by the ~2 mm lining on the EEG cap which narrowly prevented 
the handset from touching the cheek between the required ear to mouth alignment.  A 
                                                 
*
 SAR measurements were conducted using professional facilities at EMC Technologies Pty. Ltd., Australia   
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photograph of the phone model’s setup position with respect to the SAM phantom and 
EEG electrode cap is shown below in Figure 5.1.   
In separate tests, both 900 MHz and 1800 MHz CW exposures were generated inside the 
head phantom using the model phone.  RF signals were fed from an Agilent function 
generator via coaxial cable to an amplifier and then directly to the handset’s coaxial feed 
point as shown in Figure 5.1.  The power supplied to the feed point of the handset was 276 
mW at 900 MHz and 163 mW at 1800 MHz as previously determined to produce 
comparable mobile phone peak spatial SARs near to 2 W/Kg over any 10 g of tissue.  An 
adjustable perspex mount allowed for the positioning of the handset assembly against the 
phantom head (Figure 5.1). 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.  Shown is the left underside of the SAM phantom as positioned 
with the EEG electrode cap and handset arrangement. 
RF feed 
point
Monopole 
antenna
Handset 
mount
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Before SAR measurements could be recorded the phantom head model was filled with a 
brain tissue equivalent mixture according to standard mobile SAR testing guidelines as 
specified by the Australian Communications (and Media) Authority [ACA Std, 2003].  At 
900 MHz the relative permittivity and conductivity of the liquid mixture was 41.5 and 0.97 
S/m respectively.  Similarly, at 1800 MHz the permittivity of the solution was 40 and the 
conductivity was 1.38 S/m [Gabriel et al., 1996].  The same arrangement was used to 
determine the input power levels to the model handset. 
To acquire SAR measurements an automated robotic arm was used to probe the liquid 
from the right side of the head phantom.  This automation was configured and controlled 
via DASY-4 software.  Each SAR test required the handset’s peak SAR to be determined 
by scanning the handset’s projected surface area about the inner left-side of the head.  A 
Figure 5.2.  Shown above is an additional view of the SAM phantom head as clearly 
fitted with the left half of a 19-electrode cap.  
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[IEEE Std 1528, 2003]. 
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scan within a 30 mm cubic volume (7x7x7 points) was then conducted around the 
handset’s peak SAR to produce estimates of the spatial peak SAR averaged over any 10 
gram of tissue.  Approximately 20 minutes was required to complete each SAR test.   
 
 
 
 
 
 
 
 
 
 
The first SAR test recording was acquired with the EEG cap in place and the handset 
active at 900 MHz.  After this recording the model handset was lowered vertically on its 
adjustable mount and the EEG cap and remaining traces of EEG gel were carefully 
removed from the phantom head.  The handset was then raised again on its vertical mount 
to the prior touch position and SAR measurements were repeated with the 900 MHz 
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exposure present.  After this test, the electrode cap was arranged back into position and the 
900 MHz antenna that was fixed on the model handset was replaced with a shorter 
monopole to accommodate the 1800 MHz exposure.  SAR measurements with the 1800 
MHz exposure were then taken with and without the EEG cap present in accordance with 
the preceding trial. 
 
In addition to these trials, the SAR levels of the programmable Nokia 6110 mobile phone 
as used in the pilot study (Chapter 2) (GSM 900 exposures) was also assessed, though this 
time in the presence of two different EEG cap types with much denser lead populations.  
These caps both consisted of 62 tin electrodes arranged in similar arrays as comparable to 
the 10/10 International System however one EEG cap had externally located electrode 
leads (Quik-Cap) and the other incorporated the leads beneath the cap (Electro-Cap). 
The Nokia 6110 exposure source was set to transmit at 895 MHz, with a mean output 
power of 250 mW (2 W peak).  Apart from the exposure source only, the cap arrangement 
and SAR testing procedures were identical to that of the trials conducted with the model 
handset.   
Interestingly, during the trials using the Nokia handset, it was found that the spatial peak 
average SAR levels were located near the phone’s body, rather than near the phone’s 
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antenna.  Consequently, to obtain SAR measurements in closer proximity to the electrode 
leads, subsequent tests were required to record a programmed volume SAR scan around 
the projected antenna region of the phone inside the SAM phantom. 
The SAR measurement facility used in all trials was fully calibrated within current month 
of testing. 
 
5.3 Results 
 
The results of the SAR test measurements of the active mobile phone exposures as 
recorded with and without the EEG caps present, are summarised below in Table 5.1. 
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Exposure Type 
 
Status of 
Cap 
on Phantom 
Cap 
Type 
 
Peak  10 g SAR in 
Phantom 
(W/Kg) 
 
Difference between SAR 
with and without Cap 
Model Handset  
Tx at 900 MHz 
 
Present 
 
19-electrode 
Quik-Cap 1.56 
 
0 % 
 
Model Handset     
Tx at 900 MHz 
 
Removed 
 
-------- 1.56 -------- 
Model Handset     
Tx at 1800 MHz 
 
Present 
 
19-electrode 
Quik-Cap 1.33 5 % decrease 
Model Handset     
Tx at 1800 MHz 
 
Removed 
 
-------- 1.4 -------- 
GSM Nokia 6110 
Tx at 895 MHz 
 
 
Removed 
 
-------- 0.674 -------- 
GSM Nokia 6110 
Tx at 895 MHz 
 
 
Present 
62-electrode 
Electro-Cap 0.574 14.8 % decrease 
GSM Nokia 6110 
Tx at 895 MHz 
 
 
Present 
62-electrode 
Quik-Cap 0.552 18.1 % decrease 
GSM Nokia 6110 
Tx at 895 MHz 
 
Removed  
-------- 
 
0.110† 
 
-------- 
GSM Nokia 6110 
Tx at 895 MHz 
 
Present 62-electrode Electro-Cap 
 
0.095† 
 
13.6 % decrease 
GSM Nokia 6110 
Tx at 895 MHz 
 
Present 62-electrode Electro-Cap 
 
0.090† 
 
18.2 % decrease 
 
 
Table 5.1  Results of the SAR measurements taken with and without the EEG caps present. 
† SAR measurement taken at a volume scan located in the antenna region of the GSM mobile phone. 
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5.4 Discussion & Conclusions 
 
Several observations can be made from the results of this study shown in Table 5.1.  For 
tests conducted with the model handset at 900 MHz it can be seen that no change in the 
measured SAR was evident when the 19-electrode cap was present on the SAM phantom.  
A small a decrease (5 %) in the recorded SAR was observed with the model handset 
operating at 1800 MHz under the same test conditions.   
Also indicating decreases in the SAR when the EEG cap was present were the results for 
the first set of test recordings taken with the GSM exposure.  These results are shown to 
indicate greater changes of up to 14.8 % for the tests conducted with the 62-electrode 
‘Electro-Cap’, and an 18.1 % decrease in SAR with the presence of the 62-electrode ‘Quik-
Cap’.  Demonstrating similar results to these was the second set of averaged SAR test 
recordings taken with the GSM exposure at a volume scan positioned in the antenna region 
of the phone.  In these results, respectively a 13.6 % and an 18.2 % decrease in the 
measured SAR was observed when the same ‘Electro-cap’ and ‘Quik-Cap’ was positioned. 
 
In this type of work, measurement uncertainties may be quite significant (± 26.4 %)8 and 
hence while this study suggests that there may be effects in the averaged SAR from mobile 
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phone exposures due to the presence of EEG recording leads, these effects are relatively 
minimal.  With the exception of the model handset operating at 900 MHz where there was 
no change, these effects are observed as decreases in the spatial peak SAR in all other trials 
(Table 5.1).  In addition, it is particularly interesting to note that these reductions are 
predominately higher in the presence of the 62-electrode EEG caps with much denser lead 
populations.  It is suggested that this effect may be due to increased RF shielding from the 
additional positioned leads in the vicinity of exposure.  Nevertheless, this presumption is 
not in agreement with Angelone et. al. [Angelone et. al., 2004]   who suggest potentially 
unsafe increases in SAR may be produced inside the heads of participants undergoing MRI 
RF exposures with positioned EEG electrode leads. 
 
In conclusion, this investigation indicates that the measured SAR from mobile phone 
exposures may be influenced in the presence of EEG recording leads, but these changes are 
not substantial enough to cause significant perturbation of mobile phone SAR levels inside 
the heads of test participants. 
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Chapter 6 
 
 
A Novel Computational Head Model for 
Dynamic Assessment of RF Exposure 
Shielding and Coupling Effects due to EEG 
Leads  
 
 
6.1 Introduction 
In Chapter 4 the effects on mobile phone exposure SAR levels due to EEG leads 
positioned on a participant’s head was assessed using a SAM phantom.  This 
investigation indicated that there may be up to a 5 % decrease in SAR levels for 900 
MHz continuous wave (CW) exposures using the experimental handset (leads in a 10/20 
EEG system arrangement ) and up to an 18 % decrease for denser lead populations using 
the GSM 900 programmable handset (leads in a 10/10 system arrangement) [D’Costa et 
al., 2004].  It was thus confirmed to rather use the 10/20 International System cap to 
overcome larger SAR variations when considering investigation of the EEG during 
mobile phone exposures in future experiments.  However, in recognition that a 5 % 
decrease in SAR levels may also pose to represent a redistribution of the electric field 
inside the head, it became necessary to understand whether the RF field distribution is 
significantly changed due the leads present.   
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In Chapter 3 (development of the test handset), computational validation techniques of 
practical SAR measurements were undertaken using a commercial homogeneous head 
model (FEKO model – MoM solver).  However, in consideration to modify this model to 
incorporate electrodes onto the head surface it was found that geometrical limitations 
restricted the design and simulation.  In consequence to overcome, a novel computational 
head model based on standard dimensions of the head was designed which could assess 
the handset’s field distribution inside the head as well as model positioned electrodes and 
leads closely in accordance to a 10/20 system array. 
Only two recent related studies can be found which have investigated the RF exposure 
electric field distribution and SAR level changes inside the head with respect to EEG 
recording leads [Schmid et al., 2007][Hamblin et al., 2007].  Together, these studies are 
notably useful in indicating SAR differences with respect to angular changes of lead 
orientation, though are both limited in the dynamic assessment of the electric field 
response inside the head and the specific causes due to an experimentally comparable set 
of positioned leads.  In the investigation by Schmid et al., outcomes of FDTD analysis of 
900 MHz and 1970 MHz exposures assessed over a 15 EEG electrode 10/20 array (using 
an anatomical correct head model) indicated a notable decrease at 900 MHz in the 1g-
averaged spatial peak in the brain cortex (46%) and a significant increase in the same 
measure at 1970 MHz (22%).  These changes were notably indicated when the electrode 
leads were oriented parallel to the incident electric field vector, however when leads were 
oriented horizontally, the uncertainty level was considerably reduced to ±5%.  Similarly 
Hamblin et al., in an experiment defining three parallel leads and electrodes on the flat 
surface of a modified sphere (FDTD homogeneous model defined with dielectric 
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constants for head) found that the peak 10 g averaged SAR was reduced by 38% when 
the leads were parallel to a 900 MHz dipole orientation and considerably reduced to 
almost a 0% difference when leads were perpendicular.    
The following Chapter enables an extended analysis of previous studies through a 
flexible design of a novel human head model (using CADFEKO) with an array of 14 
electrodes and leads arranged in accordance to the EEG 10/20 system.  The head model 
and lead arrangement was designed to be comparable to the real experimental conditions 
that would be administered in the major investigation as will be described in Chapter 8.  
Specific outcomes of this study are demonstrated over measures of SAR output, novel 
indication of the peak spatial-average location, and the RF distribution inside the head, as 
due to both 900 MHz and 1800 MHz MP exposures. 
 
6.2 Computational Modeling of a Human Head with a 
Complete Array of Leads 
 
 
A computational head model was designed with a total array of fourteen modelled EEG 
recording electrodes and leads divided on both hemispheres.  The modelled head was 
designed within the ‘CADFEKO’ module of electromagnetic modelling software ‘FEKO’ 
V.5.2.  Selected head dimensions of the design were based upon the recommended 
dimensions of a human head phantom, as indicated in the ACA Radiocommunications 
(Electromagnetic Radiation – Human Exposure) Standard 2003 [ACA, 2003].  
Recommendations published within this standard indicate the physical dimensions of two 
suggested phantom head models for practical SAR measures, which were developed and 
provided respectively to the standard by Motorola as well as Neils Kuster and Schmid & 
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Partner Engineering.  An extract from this standard is provided below which indicates the 
basic dimensions for the two described head specifications (Figure 6.1).   
 
 
 
 
 
 
 
 
 
 
 
As noted, the dimensions of the computational head model as indicated for this study 
were based upon the geometric parameters as indicated in Figure 6.1.  The geometric 
design of the computational head model (without EEG electrode leads) is indicated below 
in Figure 6.2. 
 Model 1 
(millimetres) 
Model 2 
(millimetres) 
A 190 190 
B 260 240 
C 229 230 
D 190 210 
C
D
B
A
Figure 6.1  Shown are two specifications for geometric parameters of a human 
head phantom as published in the ACA Radiocommunications Standard, 2003.  
The parameters indicated for ‘Model 1’ were developed by Motorola while the 
dimensions for ‘Model 2’ were developed by Kuster, N. and Schmid & Partner 
Engineering.   
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A 
(mm) 
B 
(mm) 
C 
(mm) 
D 
(mm) 
E 
(mm) 
F 
(mm) 
G 
(mm) 
190 260 220 64.5 131 80 55 
SIDE VIEW 
 
FRONT VIEW BACK VIEW 
 

 

 

TOP VIEW 
A C 
B 
D 
E 
D 
F G G 
F 
G 
G 
C 
A 
Figure 6.2  Outlined above are the geometric parameters of the designed head model as based 
on model designs for a phantom head as recommended by Radiocommunications 
(Electromagnetic Radiation – Human Exposure) Standard [ACA, 2003].  
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To define the geometric measures of the EEG electrodes and leads to be incorporated 
with the modelled head, physical measures of the electrodes and leads of the 10/20 
system electrode-cap to be used in the major investigation were acquired.  In addition, the 
mobile phone test handset as described in Chapter 4 was re-modelled near to the head in 
an ‘ear to mouth position’ along the vertical plane.  The total geometry of the designed 
computational head model with the electrode leads and positioned handset is illustrated 
below in Figure 6.3.  The geometric model may also be observed to be connected to a 
Perfect Electrically Conducting infinite plane or ‘PEC’ ground plane via longer modelled 
lead lengths.  This ground plane model was also incorporated for some of the test 
conditions in order to simulate a worst case scenario for RF coupling into the electrode 
leads.  This condition was in accordance with real experimental conditions where leads 
are fed into a differential amplifier that are in turn realised, following signal processing 
channels, at a ground point within the amplifier. 
All modeled electrode lead dimensions are also provided in Figure 6.3 below in addition 
to the illustration of the geometric model.  
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2 m lead lengths 
to the PEC 
Ground Plane 
 
  
Electrode 
Top view 
Electrode 
Side view 
Entrance to Cavity 
for EEG gel 
Wire electrode lead 
3D view of Electrode 
with wire lead 
R 2.0  
R 3.0  
Units: millimetres (mm) 
R 0.5 
Electrode & Lead dimensions 
6.0 
Cavity for EEG gel 
 
1.0 
0.9 
Figure 6.2.3.  Shown is the total geometry of the designed computational head model with electrode leads and 
positioned handset.  The geometric model may also be observed to be connected to a Perfect Electrically 
Conducting infinite plane or ‘PEC’ ground plane via modelled electrode leads which would later be used for part of 
the test simulations to represent a worst case scenario for RF coupling into the lead array. 
ig re .3 
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6.3 Dielectric Properties of the Head Model 
Notably, the modelled head was also novelly incorporated with the flexibility to include 
or omit an outer shell as equivalent to that used on specific anthromorphic mannequins 
(SAM) [IEEE 1528 Standard, 2003].  To nominate the material quantities of the 
computational head model, standard dielectric properties for the phantom shell, tissue, 
electrodes, and electrode gel were defined in FEKO.  Figure 6.4 below indicates a mid 
cross-sectional view of the head model at a position where the most central positioned 
electrodes are halved to demonstrate the dielectric properties of the model.   
 
  
Applicable Dielectric Constants: 
 
Tissue equivalent properties:
 
 
At 900 MHz –  = 0.97 S/m, ’r = 41.5 
At 1800 MHz –  = 1.4 S/m, ’r = 40 
Shell:   = 0.0 S/m, ’r = 4.8 
Handset:  Perfect Electrical  
                  Conductor (PEC) 
EEG Gel:   = 11 S/m, ’r = 60 * 
        
 
2mm 
Figure 6.2.4.  Shown is the mid cross-sectional view of the head model indicating the dielectric properties of the 
designed head model, including the EEG electrode gel, exterior shell, and tissue equivalent. The shell (blue) 
representing the shell properties of a real SAM phantom, were substituted for the dielectric quantities of tissue 
for approximately half of the total test simulations.  Outlined in red are the dielectric properties for tissue as 
specified in accordance to the IEEE 1528 Standard.  * EEG gel properties were provided by Telstra Research 
Laboratories. 
i  .4 
 & Electrodes: 
Perfect Electrical C nductor 
(PEC) 
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Importantly, for approximately half of the test simulations conducted with the head 
model (as will later be described) the exterior shell of the modelled head, was substituted 
for the properties of tissue equivalent dielectric properties as specified by the IEEE 1528 
Standard, 2003.  This was undertaken to quantify any differences that could exist 
between the electrodes positioned on the tissue, and 2 mm away from the tissue as 
comparable to the practical trials described in Chapter 5 where a real SAM phantom head 
model with the same shell thickness was utilised.  The slight increase in head size due to 
substituting in tissue for shell, was assumed to have a negligible effect on test outcomes. 
 
6.4 Simulation of the Computational Head Model 
6.4.1 Validation of the Head Model 
To replicate real experimental conditions to be conducted test simulations of the handset 
with the computational head model were run in FEKO V.5.2, once again at the actual 
handset’s tuned operating frequencies of 900 MHz (I/P: 276 mW), and at 1800 MHz (I/P: 
163 mW).  Although final test simulations of the designed head model were ultimately 
run with the modelled handset 3 mm from the head, initial development simulations 
undertaken to determine the selected distance, were considered at both 3 and 4 mm.  The 
test distances were allocated to account for the absence of the near lossless outer ear or 
pinna, which would otherwise appear on an official phantom head to ensure a defined 
spacing between the handset and head [IEEE 1528 Standard, 2003].  A table of results 
indicating SAR outcomes of these initial tests (without leads present) alongside findings 
from previous real SAM phantom tests and the ‘FEKO head’ model tests (as described in 
Chapter 4), is summarised in Table 6.1 below.   
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By observation of Table 6.1 it may be noted that the designed human head model in this 
study indicates excellent agreement with both the commercially designed head model 
(FEKO head) and the standard practical SAR measurements, with the maximum 
discrepancy shown to be ~18.5 % (shell present at 900 MHz).  Importantly recalling that 
uncertainty levels in practical test measurements can indeed be quite considerable (± 26.4 
%) [IEEE 1528, 2003] the maximum difference was still considered to be reasonable.  
Notably, direct comparisons of difference in SAR levels between the designed head 
Handset 
operating 
frequency  
Practical SAR 
measurements 
using a real SAM 
phantom head 
(W/kg) 
Simulated SAR 
measurements 
using the FEKO 
homogeneous 
head model 
(W/kg) 
Simulated SAR 
measurements using 
the designed 
homogeneous head 
model (W/kg) 
900 MHz  
with shell 
1.56  
(~4mm at the 
truncated pinna)  
N/A 1.28 (3 mm) 1.27 (4mm) 
1800 MHz  
 with shell 
1.40 
(~4mm at the 
truncated pinna) 
N/A 1.74 (3 mm) 1.54 (4 mm) 
900 MHz  
shell removed N/A 1.53 (~3 mm) 
1.6 (3 mm) 
1.34 (4 mm) 
1800 MHz 
shell removed N/A 1.96 (~3 mm) 
2.24 (3 mm) 
1.96 (4 mm) 
Table 6.1  Shown are the SAR results of the initial test simulations conducted to validate the designed 
human head model (no leads attached) against real SAR tests and outcomes of the ‘FEKO head’ 
simulations as described in Chapter 4.  As neither the commercially produced computational head model 
nor the originally produced model may allow the handset to touch the head, the simulated handset 
distances (mm) from the head are provided next to corresponding results 
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model and the commercially available head model did not exceed 12.5% for either 
exposure tested. 
6.4.2 Simulation of the Head Model with EEG Electrodes and 
Recording Leads 
 
In consideration of all results in Table 6.1, it was decided ultimately to keep the handset 
at 3 mm from the head during simulation with the EEG electrode lead array on the 
developed model.  This decision was most significantly based on the intent to test the 
worst case condition.  At the 3 mm distance the designed head model was run at both 900 
MHz and 1800 MHz to determine the volume average SAR as well as the peak spatial-
average SAR over a 10 gram cube.  The following six points indicate the test conditions 
simulated:  
 
1. The head model with the outer shell present and electrode leads grounded 
2. The head model with the outer shell present and electrode leads not grounded 
3. The head model with the outer shell not present (i.e. tissue only) and electrode 
leads grounded 
4. The head model with the outer shell not present (i.e. tissue only) and electrode 
leads not grounded 
5. The head model with the outer shell present and with electrode leads removed  
6. The head model with the outer shell not present (i.e. tissue only) and with 
electrode leads removed  
 
The following seven tables provided below indicate the results of the above described 
simulated conditions for both 900 MHz and 1800 MHz simulated exposures.
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6.5 Discussion 
 
 
By observation of the 900 MHz and 1800 MHz exposure results (Tables 6.2 – 6.7) it may 
be observed that there are evident differences in the E-field distribution and SAR levels 
between simulated models with and without electrode leads present and evident 
differences also between grounded lead and non-grounded lead scenarios.  In Tables 6.2 
and 6.3, three-dimensional E-field diagrams of the exposure distribution, or isoviews, 
surrounding the handset near the head may in particular be observed to show exposures 
reradiating at regions near to the electrode leads extending downward from the back of 
the head for both simulated handset operating frequencies.  At 900 MHz (Table 6.2) this 
reradiation is clearly visible at 11 V/m, while at 1800 MHz (Table 6.3) results evidently 
show reradiating exposure near to the electrode leads most clearly at 6.5 V/m or 4.5 V/m 
depending respectively on whether the shell forms part of the head model or not.  
Notably, corresponding SAR level results of these scenarios (Tables 6.4 and 6.5) are also 
shown to clearly vary, demonstrating that the spatial-peak SAR can shift in location due 
to the EEG electrode leads as indicated by the repositioning of the 10 gram average cube 
(shown in red) for both 900 MHz and 1800 MHz handset exposures.  Specifically, 
observation of Table 6.4 demonstrates that at 900 MHz the spatial-peak SAR may reduce 
by up to 49 mW/kg (3.8 % decrease when leads are both not grounded and grounded) 
when EEG leads are introduced onto the head with shell, however can increase by up to 
21 mW/kg (1.3 % increase: leads not grounded; 0% change: leads grounded) when 
electrode leads are present with no shell (i.e. electrodes attached directly to tissue or 
head).  Likewise for the 1800 MHz results, Table 6.5 indicates that when electrode leads 
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and the shell are present an increase of up to 20 mW/kg (0.6 % increase: leads not 
grounded; 1.2% increase: leads grounded) is noted, while for the respective case where 
only the head is present (no shell) there is a slightly greater proportional increase of 48 
mW/kg (~2.1 % increase when leads are both not grounded and grounded).  
Corresponding shifts in location of the peak spatial-average SAR 10 gram cube at 900 
MHz may be observed to relocate from the handset’s projected lower antenna region 
inside the head to its central body region, which arises irrespective of whether the 
electrode leads are grounded and only when the electrodes are positioned on the shell 
(Table 6.4).  At yet a closer observation of this case, Table 6.6 indicates an evident 
redistribution of the peak electric field regions inside the head model specifically moving 
from the projected antenna region towards the centre of the handset body when the 
electrode leads are presented.  This is notably unlike the same condition at 1800 MHz 
where only marginal changes in the 10 g cube location may be observed (Tables 6.5 and 
6.6). 
Noting that the EEG leads were indeed altering SAR levels and the RF field distribution 
inside the head, a further cross-sectional analysis across the width of the head 
(specifically a cut-plane through the four centrally located electrodes) was conducted for 
each simulated condition.  Results of this analysis are indicated in Tables 6.7 & 6.8.  As 
may be noted, a comparison of these results for both the 900 MHz and 1800 MHz 
exposures from the handset indicated significant differences between the ‘no leads’ and 
the ‘leads present’ condition.  Specifically, for the 900 MHz results (Table 6.7), the 
outcomes for both shell and no shell conditions may be observed to indicate higher E-
field levels in the order of 20 - 30 V/m (for both non-grounded and grounded conditions) 
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as appearing to be visible from the upper left (near the handset) towards the upper mid 
section of the head, illustrating indeed that the 900 MHz exposures couple and 
redistribute higher field strengths inside the head due to the lower (~F7, T7, P7) and 
upper row (~F3, C3, P3) of the EEG 10/20 system positioned electrodes near the handset.  
Similarly, but at lower field strengths, this outcome also holds true for the 1800 MHz 
exposures (Table 6.8) where coupled RF fields to the same leads redistribute field 
strengths in the order 10 - 20 V/m.  Another important point of observation for both 900 
MHz and 1800 MHz results as also indicated in Tables 6.7 and 6.8, is that the lower 
positioned central electrode (~T7, nearest to the handset) in all cases seems to clearly 
shield higher RF field strengths from appearing inside the head, in its vicinity.  Notably, 
this shielding effect may be most predominately shown for the ‘leads grounded’ no shell 
condition at 900 MHz (Table 6.7), where there is an evident vacancy of the higher field 
strengths immediately behind the lower central electrode described. 
Furthermore, given in summary that exposures at both operating frequencies are shown to 
couple to the leads falling behind the head as well as to the leads nearest to the handset, it 
was hypothesised that if the leads were shortened to a point where leads only extended to 
the back of the head (i.e. without falling – see Table 6.9 below), the incident RF energy 
should again redistribute and localise higher field strengths at the leads nearest to the 
handset, thereby causing increased SAR levels.  To test this interesting hypothesis, 
subsequent simulations were carried out using the 900 MHz model with shell present 
(overall worst-case scenario identified), though the lead lengths at the back of the head 
were considerably shortened to the rear region of the head, as described for Table 6.9 
below.  Results of these tests indicated that SAR levels indeed increase when shorter 
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leads are present, but only marginally - specifically from 1.231 W/kg to 1.294 W/kg (i.e. 
causing a 1.1% increase over the no lead condition) as may be shown by drawing 
comparison between Figure 6.13 and 6.8.  Notwithstanding this marginal difference 
however, this novel result demonstrates that the length of the falling EEG electrode leads 
may have a direct bearing on the SAR inside the head under real experimental conditions.  
For denser lead populations such as used in a 10/10 EEG system (up to 62 leads) the ratio 
between the lead lengths versus induced SAR is speculated to notably increase.   
In an important addition to the ‘shortened leads test’, it was also most interesting to note 
in results that, unlike the corresponding results noted for leads at full length (Table 6.9), 
the peak spatial-average SAR did not shift from the projected antenna region to the 
handset’s body, most clearly indicating that length falling leads may furthermore play a 
role in relocating the peak spatial-average SAR.    
 
 
 
 
 
 
 
 
 
Table 6.9  The shortened leads test indicated that by reducing the extent of 
falling leads prevents a shift in the peak spatial-average SAR over 10 g of 
tissue.  Shown are the rear view and side view of the head indicating the lead 
extents and the SAR results 
SAR over 10 g: 1.294 W/kg  
Shortened leads test (Handset on left-side of head) 
Rear view of head 
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6.6 Conclusions 
 
This investigation provides an original assessment and findings of the effects of RF 
exposures on biosignal leads positioned on the head in an arrangement similar to that of 
the International 10/20 EEG System array.  In particular, the study indicates original 
findings that when mobile phone exposures are active near to the head in an ear-mouth 
position with EEG electrode leads present as described, the peak spatial-average SAR 
inside the head may only be marginally decreased or increased (i.e. within ±4 %) 
depending mainly on the mobile phone operating frequency and the EEG lead extension 
lengths.  Although while RF coupling onto the leads has indeed been identified to direct 
energy into the head at both ipsilateral lower and upper leads to exposure (increasing 
SAR), there is also described evidence of a clear shielding effect due to the electrodes 
themselves (decreasing SAR)(Tables 6.7 – 6.8).  Additionally it was found that the length 
of the falling leads themselves might couple and reradiate energy that would otherwise be 
more concentrated into the head (decreasing, and possibly shifting peak SAR)(Table 6.9).  
Consequently, the total net SAR inside the head when electrode leads are present is 
identified here to be due to a combination of coupling effects into leads which directs RF 
energy both into the head as well as away, and a shielding effect that prevents normally 
higher RF energy levels entering the head.  As demonstrated by previous investigation 
the number of leads may support a dominant decrease effect in the net SAR level by 
increasing the number of electrodes and leads in a similar configuration to the present 
study (incident E-field vector ~45° to the leads)[D’Costa et al. 2004](Chapter 5), or 
otherwise likely produce a dominant increase net effect if one were to choose to orient 
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the incident E-field vector more parallel to the leads [Schmid et al., 2007][Hamblin et al., 
2007]. 
Regarding comparison of this study with that indicated in Chapter 5, where a SAM 
phantom head was described to acquire practical measures of SAR with a 10/20 cap fixed 
to the left side, results may be said to be consistent for both 900 MHz and 1800 MHz 
exposures.  At 900 MHz in this study the novel head model was shown to indicate an 
approximate 4 % decrease in the 10 g average SAR level (equivalently for both non-
grounded and grounded conditions; shell present), as compared to a 5 % decrease as 
shown in the same measure for the practical condition (leads not grounded).  Similarly, at 
1800 MHz the results of this study indicated a marginal 1.3% increase (leads not 
grounded; shell present) and a 0% change (leads grounded; shell present) in the 10 g 
average SAR computed measure, while for the corresponding measures obtained at 1800 
MHz for the practical condition there was a 0 % change indicated.  Notably, in summary 
the proportional changes for leads present versus not present as compared within the 
‘shell present’ and ‘shell not present’ conditions (i.e. electrodes positioned on tissue 
equivalent), are both within a ±4 % bracket.  Thus, in conclusion it is suggested that for 
active exposures from mobile phones placed in an ear-mouth position near a 10/20 EEG 
system array, although complex changes within and around the head may occur in terms 
of the electric field distribution, these changes are not considerable enough to 
significantly alter the standard SAR result as produced when leads are not present. 
 
 
 
Note: Computational detail of how FEKO determines the location of the 10 gram cube is based on “method 
of the tangential face” proposed by CENELEC [CENELEC, 2001].   
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Chapter 7 
 
 
 
Statistical Methods to Distinguish Mobile 
Phone Exposure Effects in EEG Data   
 
 
 
7.1 Introduction 
The following Chapter aims to outline the development of a novel approach to 
statistically examining, and graphically communicating, the effects of mobile phone 
exposures on EEG data.  Generally, the Chapter begins in Section 7.2 by describing the 
justification behind the novel statistical methods that were applied in the pilot study 
(Chapter 3), and in later sections subsequently describes why and how this method was 
further developed for a robust examination of the main experimental work involving 
100 participants (Chapter 8).  The statistical approach applied in the main study has 
been an invaluable tool for the detection of novel findings including a ‘characteristic’ 
response for the first time within the alpha band of the EEG, as due to the 900 MHz 
exposure signal from mobile phones.  This is an important finding that will be 
described in Chapter 8, however it is significant to outline here that this result would 
have otherwise been impossible to detect without applying the developed statistical 
methodologies described in the following work. 
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7.2 Statistical Analysis of the Pilot Study and the  
Bonferroni Correction 
 
In Chapter 3, a pilot study was described that incorporated a statistical analysis of EEG 
data acquired from ten participants during short-term mobile phone exposures.  In that 
study, a novel statistical approach was undertaken whereby only EEG rhythms that 
were likely to be indicating a spectral power change due to the applied exposures were 
investigated.  Specifically, this was undertaken by only considering the control and 
exposure data samples in the EEG rhythms where a high percentage (i.e. ±80%) of 
participants indicated either a decrease or relative increase in EEG spectral power.  By 
doing this, the number of overall paired t-test comparisons that were required to be 
conducted were significantly reduced and hence so too was the probability of producing 
a type I error, i.e. the chance of indicating a false statistically significant result.  In 
particular, by applying this approach the number of statistical tests conducted in the 
pilot study was reduced from as high as ‘192’ to as low as ‘35’ as in total over both 
talk-mode and standby-mode investigations.  Interestingly, if this procedure were not 
undertaken, the common approach would have been to apply a ‘Bonferroni correction’ 
for multiple comparisons to reduce type 1 error on the ‘192’ tests to theoretically 
maintain a 95% confidence level (for techniques see Bland et al., 1995).  In practice it 
is not uncommon for the applied Bonferroni correction to consider correlation factor, k 
to lower otherwise overly conservative outcomes generated by the Bonferroni 
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correction alone [Sankoh et al., 1997][Curtin et al., 1998].  The reason for protecting 
against this conservativeness is to avoid over-correction of the significant p-value 
threshold, .  If an over-correction does occur it can lead to generating type II error, 
that is, the error of losing true positive outcomes in results.  This is especially true 
where a greater number of comparisons are required to be accounted. One suggested 
method to include a correlation factor in the Bonferroni adjustment of , is to apply the 
Dubey and Armitage-Parmar method [Sankoh et al., 1997], which is defined as follows: 
 
In equations 7.1 and 7.2,  Px and Pax, may be respectively defined as the observed and 
adjusted xth p-values, and  is the adjusted level for p-value significance for the xth 
hypothesis for x = 1,….X.  kjx, is the correlation coefficient between the jth and xth 
endpoints. 
If a direct Bonferroni correction were to be applied to the 192 tests as described above 
for the pilot study, it would require the statistically significant p-value criteria of  = 
0.05 to be lowered to  = 0.0002.  Notably, because the lowest p-value outcome in the 
xm
xax )P(11P −−=
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pilot study was shown to be 0.004 (in the standby-mode trial), no statistically 
significant outcomes or effects due to the mobile phone exposures on the EEG data 
would have been noted.  Similarly, if a Dubey and Armitage-Parmar method is applied 
to consider a correlation factor, k (correlating factor making the Bonferroni correction 
not so conservative), where it may be found to be k = ~0.2, the significant p-value 
criteria would ‘rise’ from  = 0.0002 to  = 0.0007.  Nevertheless, it can be noted that 
even with a correlation factor considered, no statistically significant results would be 
evident in the pilot study.  Considering the reduced number of tests of 35 which was 
actually administered in the preliminary study, the Dubey and Armitage-Parmar method 
would indicate to lower  from 0.05 to 0.0034 (k = ~0.2).  Interestingly, in this case, it 
appears that the 0.004 p-value as described above for the pilot study approaches being 
statistically significant, as opposed to be being completely omitted when all 192 
potential tests are considered.  Thus, a question is raised here as to how applicable is 
the Bonferroni correction to EEG data considering differences between control and 
mobile phone exposure recordings?  Figure 7.1 below, indicates the relationship 
between the Bonferroni correction and the correlation factor k described, for both the 
192 tests and 35 tests that are considered relevant to the preliminary study (Chapter 3).   
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7.3 Importance of Investigating a Higher Resolution 
of the EEG Spectrum 
 
One common statistical approach in studies investigating the effects of mobile phone 
exposures on the EEG has been to investigate and report the EEG in the standard 
clinically applicable bands of delta (~1-4 Hz), theta (~4-8 Hz), alpha (~8-13 Hz), and 
beta (~13 –32 Hz).  Although these bands are undoubtedly an effective means by which 
brain dysfunction can be measured, it is not necessarily a viable approach to use these 
bands when attempting to detect an external frequency source such as mobile phone 
Figure 7.1 Shown is the graphical relationship 
between the Bonferroni correction and the correlation 
factor k, for the possible multiple t-test comparisons 
possible in the pilot study. 
 
 
Bonferroni Correction Considering 
a Correlation Factor, K
0
0.01
0.02
0.03
0.04
0.05
0.06
0 0.2 0.4 0.6 0.8 1 1.2
Correlation facor, k
Bo
n
fe
rr
on
i a
dju
st
m
en
t f
or
 
st
at
ist
ica
l s
ig
n
ific
an
ce
 
(p-
va
lu
e)
35 statistical tests
192 statistical tests
rr l ti  fact r, k 
 147 
exposures.  For example, auditory and visually evoked related potentials (ERPs) are 
clearly a detectable measure in the EEG within these clinical bands and has been 
investigated considerably, however mobile phone exposures are not necessarily known 
to evoke brain patterns through sensory stimulus.  So, what if EMFs from mobile 
phones cause a frequency or amplitude modulation only in a part spectral range of these 
bands?  Unfortunately, if this were true, an analysis only in the clinically significant 
bands would likely mask this effect.  This is because in order to investigate the 
statistical differences between Sham and Exposure recordings, requires the sample 
comparison of the total average spectral power across a band, such as the alpha band 
(i.e. the total average power across the alpha rhythms eg. 8 Hz, 9 Hz, 10 Hz, 11 Hz, and 
12 Hz), to be calculated for each participant. Thus, if for example a marginal increase 
in spectral power is evident at 11 Hz and a marginal decrease is evident at 9 Hz, this 
effect would likely be cancelled due to averaging the total band.  Similarly, it may also 
be imagined that if an effect were to span across the spectral boundary between two 
clinical bands, such as theta and alpha, the effect in both bands may be masked as 
analysis in each defined range would be conducted independently.  To overcome this 
issue, it is proposed that the analysis of the EEG to detect mobile phone exposure 
effects should be interpreted at a high resolution for all non-ERP studies, that is, in at 
least 1 Hz increments over the 1 – 32 Hz spectrum. 
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7.4 Tendency, Confidence Intervals, and Paired T-
test Outcomes 
  
There have been a considerable number of reports that have indicated that only a 
notable proportion of the total amount of participants may indicate a change in EEG 
spectral power due to mobile phone exposures [Krause et al., 2007][Vecchio et al., 
2007].  Considering this, it has become of greater importance to not only report on 
statistically significant outcomes but to indicate notable increased or decreased 
tendencies in EEG power over the participant load.  In the pilot study this was 
accomplished by indication of the percentage of subjects indicating either an increase 
or decrease in EEG power within each rhythm over each recording site.  However, 
when hypothetically applying this approach to a greater number of electrode sites such 
as a 10/20 system array (as would be incorporated into the major investigation – 
Chapter 8) it was determined that it was not viable to effectively present this dimension 
with the other two considering so many sites (up to 19 locations).  To overcome this, it 
was decided to utilise ‘graphs of the confidence limits’ to indicate the probable spread 
of data over each EEG rhythm, independently for each electrode site.  Furthermore, as 
it may be recalled that if the confidence interval tends completely to one side of the 
hypothesised mean difference (i.e. applicably the hypothesised mean difference 
between Sham and Exposure = 0), the sample data pairs are deemed notably 
statistically significantly different at the  
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prescribed significance level, .  The 95% confidence interval ( = 0.05) is defined as: 
 
where:     1.96 is the approximate number of standard deviations from the mean  
                (representing coverage of 95% of the upper tail of the normal curve)  
                 = standard deviation;  
                n = sample size 
 
Consequently, rather than showing the paired t-test outcomes in a separate table to the 
distribution graphs (as it were for the pilot study) it was found that this information may 
be presented on one graph, to effectively describe the behaviour of the EEG during 
exposure conditions for any recording site.  By incorporating a plot of the median 
difference curve between the confidence interval graphs the method on how to 
represent the EEG data was complete.  An example of this graph (as adopted from a 
real outcome as produced from the major study - Chapter 8) is presented below in 
Figure 7.2.  Notably, the rhythms at which the Upper or Lower confidence limits cross 
the frequency axis, indicate the rhythms where statistically significant spectral power 
differences were evident between Sham and Exposure.  For example, an upper limit 
crossing the frequency axis at 10 Hz would indicate a significant increase in spectral 
power during exposure at 10 Hz, and vice versa. 





±
n
x
σ1.96 (Eq. 7.3) 
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7.5 Including the Bonferroni Corrected Confidence 
Intervals  
 
Noting in Introduction (Section 7.1), that there is chance of producing a type I error due 
to the multiple comparisons associated with investigating mobile phone exposure 
effects in the EEG, and yet further a possibility of producing a type II error when 
correcting for these comparisons, it was decided to also add to the graphical approach 
the upper and lower confidence limits that correspond to the Bonferroni corrected 
significance level considering a correlation factor k (as defined in Section 7.2).  This 
confidence interval may be defined as: 
 
 
Figure 7.2     Shown is the representation of the method developed to effectively represent the recorded EEG during active 
exposure periods.  Notably, the graphical response indicates the extents of type I and II error probabilities in terms of microvolts 
as well communicates the EEG rhythms in which statistically significant differences between sham and exposure occurred (i.e. 
by easily viewing where the Bonferroni or uncorrected (0.05) Upper and Lower limits cross the frequency axis).  For example 
the graph communicates that statistically significant increases in EEG power occurred at ‘4 Hz’ by indication of the upper 
confidence limits falling below the frequency axis. 
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where       x is the adjusted significance level (as defined in Section 7.2) 
                  = standard deviation;  
                     n = sample size 
 
Resultantly, Figure 7.2 may also be noted to include the Upper and Lower ‘Bonferroni’ 
confidence limits.  Specifically, by indicating these confidence limits it was possible to 
demonstrate the type I and type II error extents with respect to the Sham and Exposure 
EEG spectral power differences for each rhythm.  This is in accordance with expertise 
on the matter of statistical corrections who particularly note the importance of 
communicating in publication the impact of type I and II error, where multiple 
comparisons are concerned [Feise, 2002].    
 
7.6 Discussion & Conclusion 
In this Chapter, the development of a novel statistical approach to investigation mobile 
phone exposure effects in the EEG is described, which is to be implemented into the 
major study described in Chapter 8.  In particular, this Chapter summarises the different 
dimensions associated with EEG spectral analysis and introduces a novel method to 
(Eq. 7.4) 




±
n
x x
σ
α )2/(z
 152 
effectively dealing with the issue of multiple statistical comparisons and a known large 
spread of collected EEG data, without having to forfeit indicating in results detailed 
graphical outcomes.  In regards to multiple comparisons, the original management of 
type I and type II errors are specifically addressed, highlighting an approach to interpret 
the extent of these errors by means of comparatively representing graphs of both the  
Bonferroni corrected and uncorrected statistically significant levels by means of 
‘confidence limit’ interpretation.  Most relevantly, the confidence intervals with a 
merged plot of the median difference response is described to be an invaluable 
technique for displaying the behaviour of the resultant EEG of the active EMF exposure 
period.  The approach is particularly effective as the EEG spectral power tendency over 
the sample size as well as all statistically significant results can be communicated in 
one generated display. 
In conclusion, it may be outlined that the statistical approach as developed and 
described in this Chapter, has significantly contributed to confidence devoted in the 
important findings produced by the major investigation (Chapter 8).   
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Chapter 8 
 
 
 
 
Effects of 900 MHz and 1800 MHz Mobile 
Phone Exposures on Human Brain and 
Heart Activity at SAR levels near the 
Maximum Allowable Limit 
 
 
 
The present study aims to investigate whether the EEG, ECG, or blood pressure in resting 
adults is influenced by pulse modulated 900 MHz and 1800 MHz exposures.  Of interest, 
unlike most previously published research corresponding specific energy absorption rates 
(SAR) have been measured considerably near to the maximum allowable limit of 2 W/kg 
[ARPANSA RPS3, 2002]. 

8.1 Introduction 
 
Over approximately the last 15 years there has been indeed a considerable amount of 
published papers on the effects of mobile phone exposures on human brain wave activity 
and fewer regarding effects on heart response.  Studies on brain wave activity monitored 
by the electroencephalogram (EEG) have included investigations of the sleep or awake 
condition [Fritzer et al., 2007][Röschke et al., 1997], or studies on cognitive performance 
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examining preparatory thought function or working memory by means of induced event-
related potentials (ERPs)[Freude et al., 2000][Krause et al., 2007].  Alongside these 
reports have also been independent behavioural investigations of mobile phone effects on 
vigilance and reaction time [Preece et al., 1999][ Russo et al., 2006].  In one somewhat 
similar investigation to the present study, Hietanen et al. [Hietanen et al., 2000] as 
mentioned in Literature Review (Chapter 2) reported on the resting awake EEG effects of 
three analogue phones (NMTs) with different antenna types and two digital phones (GSM 
and PCN) operating at 900 MHz and 1800 MHz (1-2 W peak output).  Considering 
participants (N = 19) exposed over the right ear in 20-minute trials (eyes closed 
condition), results of an analysis in standard frequency bands only indicated a notable 
EEG change in the delta band however this effect was omitted as having occurred due to 
statistical chance.  Notwithstanding this outcome however, many other related 
investigations [D’Costa et al., 2003a][Curcio et al., 2005][Croft et al., 2007] have shown 
notable positive findings predominately indicating ongoing unsubstantiated support that 
mobile phone exposures may modulate the alpha band.  However, despite these results, 
based on contradictory and subtle results presented in the literature, inconsistent 
procedures between studies, and a lack of implemented control of scientific uncertainties, 
there has been scrutiny that studies using the EEG as a test measure to detect microwave 
effects are unreliable if not produced under a standardised and improved methodological 
foundation [Barnes & Greenebaum, 2007].   
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Apart from an examination of the EEG, investigation of mobile phone exposures on the 
electrocardiogram (ECG) and blood pressure have been considered.  Previous studies 
[Mann et al., 2002][Braune et al., 2002][Atlasz et al., 2006][Hietanen et al., 
2002][Tahvanainen et al., 2004] investigating mobile phone exposures on heart related 
test measures have generally indicated no prominent positive findings, principally 
supporting improbable mobile phone exposure affects on vasomotor function and heart 
regulation.  Notwithstanding this however, few studies have indicated positive outcomes 
[Huber et al., 2003][Parazzinni et al., 2007].  Recently Parazzini et al. [Parazzinni et al., 
2007], reported significant but weak increases in spectral ECG power due to GSM 900 
MHz exposures (controlled 2 W output) during standing protocol as well as a decrease in 
variability of the duration of the cardiac cycle over 26-minute trials (N = 26).  However, 
no significant effects could be detected during rest periods.  Yet in another study 
incorporating 9 participants Braune et al. [Braune et al., 1998] showed that GSM 900 
MHz exposure (2 W peak output) for 35 minutes indicated significant decreased changes 
in the heart rate and prominent increased changes in blood pressure in both standing and 
rest.  However, in a subsequent investigation Braune et al.’s findings could not be 
verified to be due to the exposure previously tested [Braune et al., 2002]. 
8.2 Participants 
A total of 100 healthy volunteers participated in this investigation including 56 men and 
44 women aged between 18 and 40 years (mean = 25.6 yrs; SD = ±5.1 yrs).  Before 
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inclusion each subject was required to read a two-page summary of the experimental 
procedures and gave signed consent that they were not on any medication in the recent 
month prior to the trial period and did not knowingly have any physical or mental health 
concerns.  Each participant received a payment for his or her volunteered time in the 
experimental procedures that were approved by RMIT University’s Human Research 
Ethics Committee.   
8.3 Materials and Recording Methods 
During the experiment each participant was required to be seated in a comfortable chair 
with eyes closed for multiple trials while alternate mobile phone exposures were 
generated in close proximity to the left side of the head.  During the trials three 
simultaneously recorded test measures were acquired namely, the EEG, ECG, and pulse 
plethysmograph (PPG).  To record the EEG, brain wave signals were acquired with the 
aid of an electrode cap (Electro-cap) that incorporated positioned electrodes in 
accordance with the 10-20 EEG International Standard [Jasper, 1958].  Measurements 
were recorded from all left and right hemispherical sites as referenced to the right 
mastoid.  To enable the EEG recordings, electrode leads extending from the electrode cap 
were fed to the inputs of an EEG differential amplifier unit, Mindset MS-1000.  The 
Mindset MS-1000 unit was in turn connected to a laptop computer where the EEG signals 
could be viewed and logged using the software package ‘MindMeld live data capture’ 
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V.1.0.  EEG gel (‘Quik-gel’) was used to help ensure low impedance contact between the 
surface electrodes and scalp over the length of the experiment. 
In order to record the ECG, standard electrolyte adhesive electrodes were placed on both 
inner wrists and on the left ankle in accordance with the augmented unipolar lead system 
[Goldberger, 1942].  Recording leads extending from snap-points on all three electrodes 
were then fed into a module-oriented biosignal acquisition unit ‘Biopac’ that was 
connected to a second laptop computer to record and view the heart signal.  To record the 
PPG signal, a pulse transducer (TSD-200) was secured comfortably at the tip of the right 
index finger using a small cuff.  A recording lead from the tranducer was then fed to the 
Biopac system to be viewed simultaneously with the ECG (Figure 8.1).  In a unique 
approach to similar studies, to detect resting blood pressure fluctuations without 
disturbance to the participant during exposure, the time interval between the recorded 
ECG and PPG signal peaks or ‘pulse transit time’ (PTT) was determined (Figure 8.1).  In 
particular the PTT was used to indicate blood pressure variability (BPV) in knowledge 
that as the wave velocity (v) of the PPG measured pressure pulse from the heart (lagging 
the ECG) increases, blood pressure increases (as vessel volume decreases), and vice 
versa (Eq. 1)[Bramwell, 1922] (see also Biopac application online manual).  Thus, given 
that the PPG pulse travels a fixed distance from the heart to the measured fingertip, an 
increase in wave velocity will shorten the transit time, and hence a decrease in the PTT 
may represent an increase in blood pressure, and vice versa.  Other more recent research 
based fundamentally on this relationship has been reported [Gribbin et al., 1976][Ma et 
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al., 2005][Atlasz et al., 2006].  Biopac system acquisition software AcqKnowledge’ 
V.3.7.3, was used to simultaneously record and view the ECG and PPG measurements.  
In accordance with notes taken during visual monitoring, artefact removal was considered 
manually for each of the EEG, ECG, and PPG simultaneous measured trials.  
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8.4   Sources of Exposure 
During trials, both 900 MHz and 1800 MHz exposures pulsed at 217 Hz were generated 
by a modeled mobile phone oriented in an ear-mouth position as comparable to that of 
the touch position as used in standard SAR testing procedures [IEEE 1528 2003].  The 
experimental handset itself consisted of an 11x4x2 cm rectangular aluminium block with 
a short interchangeable ¼  monopole antenna at its top.  The antenna was connected at 
the top right corner of the handset to a semi-rigid RF feed line that was concealed through 
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ECG measurements were 
acquired from electrodes 
positioned on both inner 
wrists  
The PPG response was 
acquired from the TSD-200 
finger sensor positioned on 
the index fingertip   
ECG waveform  
PPG waveform 
 Figure 1.  Shown are illustrations of the ECG and PPG acquisition technique implemented.  Simultaneous 
measurement of the ECG and PPG allowed for increases and decreases in blood pressure to be noted without 
disturbing the participant at rest.  This was achieved by calculating the time interval between the measured 
peaks of the ECG and PPG, or pulse transit time (PTT).  A noted increase in the PTT is known to represent a 
decrease in blood pressure, and vice versa. 
 )V/P(VKv ∆∆•=
(Eq. 1)  Bramwell & Hill, 1922 
 Where:  v = Pulse wave velocity   
             K = constant                             
             V = Initial vessel volume 
             P= Pressure delta 
             V= Vessel volume delta 
 
Figure 8.1 Shown are illustrations of  and PG acqu s tion technique impl m nted.  Simultaneous 
measurement of the ECG and PPG allowed for increases and decreases in blood pressure to be noted without 
disturbing the participant at rest.  This was achieved by calculating the time interval between the measured peaks 
of the ECG and PPG, or pulse transit time (PTT).  A noted increase in the PPT is known to represent a decrease 
in blood pressure, and vice versa. 
 159 
the length of the block.  To generate controlled exposures, the pulsed RF signals from a 
programmable digital pulse generator were fed via coaxial cable to an input point of the 
RF feed line as exposed at the handset’s base.  The final design of the handset was mainly 
influenced by concepts used in other experiments conducted by Mochizuki et al. 
[Mochizuki et al., 2004] and Reiser et al. [Reiser et al., 1995].  The handset was held in 
position during trials with the aid of a rigid plastic arm and bracket assembly to secure 
the handset in one fixed position (Figure 8.3). 
Prior to use, several standard SAR tests using a DASY-4 robotic facility1 were conducted 
on the test handset in order to adjust its input power levels to meet near to the maximum 
allowable limit of 2 W/Kg over any 10 gram of tissue [ARPANSA RPS3, 2002].  SAR 
levels ultimately produced were 1.56 W/kg at 900 MHz (276 mW) and 1.4 W/kg at 1800 
MHz (163 mW) as measured with a standard uncertainty level of ± 26.4 % [IEEE 1528, 
2003].  Actual design of the test handset as well as indications of unlikely changes in the 
SAR levels due to potential EEG lead RF shielding has been previously reported 
[D’Costa et al., 2003a][D’Costa et al., 2003b][D’Costa et al., 2004].  In relation, earlier 
work testing ‘flat-line’ recordings using the EEG recording equipment (Mindset-1000) 
(as acquired from a resting adult’s thigh) (Chapter 3) did not indicate any RF pickup on 
the recording leads when GSM 900 MHz exposures were placed nearby [D’Costa et al., 
2003a]. 
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8.5   Trial Procedure 
During the experiment, the test handset was set to one of three possible exposure modes 
namely, 900 MHz pulsed at 217 Hz, 1800 MHz pulsed at 217 Hz, and sham exposure.  
Under double blind conditions, each participant undertook five 4-minute seated trials 
(one session) for each exposure mode, during which time simultaneous measurements of 
the resting EEG, ECG, and PPG were recorded (eyes closed, awake).  Participants were 
seated inside a large RF shielded room while the RF signal generator was situated 
outside, connecting to the handset via coaxial cable through a fitted wall adaptor.  
Between each 4-minute recording, a 2-minute break was provided where the exposure did 
not cease, however the test handset was moved at least 0.5 m away from the head of the 
participant who was then free at this time to open their eyes, talk, move their head, or 
drink water if desired.  In addition to these breaks, further 10-minute breaks were 
allocated between each completed five 4-minute trial session, which was set to allow time 
for a laboratory assistant to: 1. Discretely replace the interchangeable ¼ wavelength 
antenna on the handset to correspond to the next frequency mode to be set (regardless if 
sham mode) in accordance to a randomly counterbalanced sequence; 2. Disguise the 
differing antenna lengths from the experimenter and participant using a thin rectangular 
foam block to surround the antenna; 3. Discretely alter the handset’s exposure mode on 
the signal generator (choice of one of 3 ‘mode-programmed’ keys) to match the next 
relevant mode to be set; and 4. Ensure the input power levels to the handset were correct 
for the previous and upcoming exposure using a digital power meter, accounting for cable 
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loss.  The timeline of the conducted experimental procedure is illustrated below in Figure 
8.2, while Figure 8.3 indicates the participant conditions during trials. 
 
Figure 2.  Shown is the experimental timeline inclusive of the recording times and 
break conditions for each participant during the three modes of exposure  
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Figure 8.2  Shown is the experimental timeline inclusive of the recording times 
and break conditions for each participant during the three modes of exposure 
 
Figure 3.  Shown are the participant conditions as implemented during the experimental procedures   
EEG via an 
Electrode Cap 
PPG finger 
pulse sensor 
ECG recording 
electrodes on inner sides 
of both wrists 
Shielded room 
Eyes closed 
during 
recordings 
Figure 8.3  Shown are the participant conditions as implemented during the experimental procedures 
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8.6   Results 
The following results indicate the outcomes of paired t-test comparisons of EEG spectral 
power (Sham vs. Exposure) over two independent approaches.  Firstly, Figures 8.4 and 
8.5 illustrate the outcomes of the EEG analysis conducted in the four significant spectral 
bands namely delta (2 - 4 Hz), theta (4 - 8 Hz), alpha (8 – 13 Hz), and beta (13 – 32 
Hz)(comparison of grand mean spectral power over each session).  And secondly, Figures 
8.6 and 8.7 indicate the merged graphs of the median spectral power difference and the 
95% confidence limits (Bonferroni corrected (using a correlation factor) and uncorrected) 
as determined in 1 Hz increments over a 2 – 32 Hz EEG spectrum (comparison of the 
median spectral power over each session).  The ‘median’ specifically refers to the 
average of all participants’ median spectral power of the five (4-minute) EEG recordings 
in 1 Hz increments as calculated for each exposure tested.  The results shown in Figure 
8.6 provide the 900 MHz and 1800 MHz results alongside one another as indicated for 
the left hemisphere (RF exposed side), while Figure 8.7 demonstrates the EEG results as 
indicated for the right hemisphere (contralateral side to exposure).  Importantly, in order 
to identify statistically significant outcomes in Figures 8.6 and 8.7, the EEG rhythms at 
which the 95% upper or lower confidence limit curves respectively cross below or above 
the frequency axis, must be observed.  For example, an upper confidence limit curve 
crossing below the frequency axis at 10 Hz indicates a statistically significant increase in 
EEG power at 10 Hz, and vice versa.  Additionally, by noting the different extents 
between the Bonferroni corrected and uncorrected confidence limit graphs, the actual 
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marginal difference which Type  and Type  error may impose on similar data, of a 
similar sample size, can be observed.  In turn, this may importantly alleviate concern for 
some previous studies where multiple comparisons have not been appropriately 
accounted for.  Notably, as described in Chapter 7, the applied Bonferroni adjustment 
here considers a correlation factor (as calculated to be k = 0.65) by application of the 
Dubey and Armitage-Parmar method [Sankoh et al., 1997]. 
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Figure 4.  Shown are the results of the 900 MHz paired t-test analysis of grand mean spectral power (Sham vs. 
Exposure) as conducted over the EEG spectral bands delta (2 – 4 Hz), theta (4 –8 Hz), alpha (8-13 Hz), and beta (13 –
32) for both left and right sides of the head.  All p-values as shown less than 0.05 or the Bonferroni corrected level of 
0.0093 (denoted by *) indicate a statistically significant increase in EEG power, not exceeding potentials of 5 V.  No 
statistically significant decreases in power could be noted. 
 
Figure 5.  Shown are the results of the 1800 MHz paired t-test analysis of grand mean spectral power (Sham vs. 
Exposure) as conducted over the EEG spectral bands delta (2 – 4 Hz), theta (4 –8 Hz), alpha (8-13 Hz), and beta (13 –
32) for both left and right sides of the head.  All p-values as shown less than 0.05 or the Bonferroni corrected level of 
0.0093 (denoted by *) indicate a statistically significant increase in EEG power, not exceeding potentials of 5 V.  No 
statistically significant decreases in power could be noted. 
DELTA 
THETA 
ALPHA 
BETA 
DELTA 
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BETA 
8.4 
8.5 Figure 8.5 Shown are the results of the 1800 MHz paired t-test analysis of grand mean spectral power (Sham vs. 
Exposure) as conducted over the EEG spectral band delta (2 – 4 Hz), theta (4- 8 Hz), alpha (8 – 13 Hz), and beta (13 – 
32 Hz) for both left and right sides of the head.  All p-values as shown less than 0.05 or the Bonferroni corrected level of 
0.0093 (denoted by *) indicate a statistically significant increase in EEG power, not exceeding 5 V2.  No statistically 
significant decreases in power could be noted. 
Figure 8.4 Shown are the results of the 900 MHz paired t-test analysis of grand mean spectral power (Sham vs. 
Exposure) as conducted over the EEG spectral band delta (2 – 4 z), theta (4- 8 z), alpha (8 – 13 Hz), and beta (13 – 
32 Hz) for both left and right sides of the head.  All p-values as shown less than 0.05 or the Bonferroni corrected level of 
0.0093 (denoted by *) indicate a statistically significant increase in EG power, not exceeding 5 V2.  No statistically 
significant decreases in power could be noted. 
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Median difference Upper and Lower Bonferroni Confidence Limits Upper and Lower Confidence Limits (p<0.05) 
 Figure 6.  Shown are the 900 and 1800 MHz results as indicated for the left side of the head (RF exposed side).  The rhythms at which the upper or lower 
confidence limits (Bonferroni corrected (p<0.0047) or uncorrected (p<0.05)) cross the frequency axis, indicate the rhythms where statistically significant 
spectral power differences were evident between sham and exposure eg. An upper limit crossing the frequency axis at 10 Hz would indicate a significant 
increase in spectral power during exposure at 10 Hz, and vice versa.  ‘Median’ specifically refers to the average of all participants’ Median spectral power 
of the five (4-minute) EEG recordings in 1 Hz increments (calculated for each exposure mode tested).   The ‘Median difference’ curve is thus a plot of the 
average Median Sham minus the average Median exposure spectral power over the EEG spectrum. 
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 Figure 7.  Shown are the 900 and 1800 MHz results as indicated for the right side of the head (contralateral to exposure).  The rhythms at which the upper or 
lower confidence limits (Bonferroni corrected (p<0.0047) or uncorrected (p<0.05)) cross the frequency axis, indicate the rhythms where statistically 
significant spectral power differences were evident between sham and exposure eg. An upper limit crossing the frequency axis at 10 Hz indicates a significant 
increase in spectral power during exposure at 10 Hz, and vice versa.  ‘Median’ specifically refers to the average of all participants’ Median spectral power of 
the five (4-minute) EEG recordings in 1 Hz increments (calculated for each exposure mode tested).   The ‘Median difference’ curve is thus a plot of the 
average Median Sham minus the average Median exposure spectral power over the EEG spectrum. 
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One most apparent note in all results is that only statistically significant increases in 
EEG power can be noted as may be observed up to power spectral densities not 
exceeding 5 V2 (Figures 8.6 and 8.7).  For the 900 MHz exposure results shown in 
Figure 8.4, statistically significant increases in EEG spectral power observed at the 
p<0.05 level were noted at T7 (delta and theta), C4 (delta), P3 (delta), P4 (delta and 
theta), P7 (delta and theta), P8 (delta, theta, alpha, beta), O1 (delta), and O2 (delta and 
theta).  Statistical significant indications at the Bonferroni corrected level however 
(p<0.0093) were only demonstrated at the occipital and parietal regions, namely O1 
(delta), O2 (delta and theta), P4 (delta), and P8 (delta, theta, and beta).  Interestingly, as 
comparable with results found in the pilot study (Chapter 3) no statistically significant 
outcomes could be noted for any of the frontal electrode positions at 900 MHz for the 
EEG band analysis (Figure 8.4).  For the corresponding 1800 MHz results statistically 
significant results in EEG power at both p-value levels were notably more limited 
(Figure 8.5).  At p<0.05 significant increases in EEG power were indicated at F7 (theta 
and beta), T7 (theta and beta), C4 (beta), P7 (theta and beta), and P8 (delta, theta, alpha, 
beta).  While at the Bonferroni corrected level of p<0.0093, statistically significant 
differences between sham and exposure were only noted at beta (12-32 Hz) from the P8 
electrode position contralateral to exposure. 
The higher resolution analysis conducted in 1 Hz increments from 2 - 32 Hz (presented 
in Figures 8.6 and 8.7) demonstrated greater detail of the experimental results.  Results 
indicated at 900 MHz and 1800 MHz for the RF exposed left-side (Figure 8.6) showed 
significant increases in EEG spectral power at both statistical levels observed (i.e. at 
rhythms at which the upper confidence limit curves fall below the frequency axis).  At 
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p<0.05, evidence of a potential increases due to 900 MHz exposure were noted at T7 
(2, 5, 6, 8 Hz), P7 (2-5 Hz), P3 (2-5, 20, 23-27 Hz), and O1 (2, 3, 5, 24 Hz).  At the 
corresponding Bonferroni corrected level at 900 MHz (p<0.0047), statistically 
significant increases in EEG spectral power were only commonly indicated from P7 at 
the theta rhythm 4 Hz, and from P3 at the beta rhythms 23 and 25 Hz.  Quite 
dissimilarly however, at 1800 MHz at the p<0.05 level (Figure 8.6) statistically 
significant increases were evident at F7 (3, 5, 6, 12-14, 17-20, 22 Hz), F3 (22, 27 Hz), 
T7 (4-6, 12-20, 22 Hz), C3 (13, 20, 24 Hz), and P7 (4-6, 13, 15, 22-24, 30 Hz).  While 
at the Bonferroni corrected level, only one statistically significant outcome was 
observed, namely from C3 in the 13 Hz alpha rhythm. 
Apart from Figure 8.6, Figure 8.7 indicates the 900 MHz and 1800 MHz results for the 
right-side of the head (contralateral to exposure).  Statistically significant increases as 
for the 900 MHz exposure at the p<0.05 level were apparent at F4 (6, 22-24, 26 Hz), 
C4 (2-8, 10, 13, 15, 20, 23, 30 Hz), P8 (2-9, 12-15, 17-20, 22-27, 29-31 Hz), P4 (2-5, 
13, 23-27, 29-31 Hz), and O2 (2-8, 13, 23-26, 29, 30 Hz).  Likewise, for the Bonferroni 
corrected results (p<0.0047) statistically significant increases were observed from P8 
(2-7, 12-14, 17, 18, 23, 24, 27, 30, 31 Hz), P4 (23, 24 Hz), and O2 (2-4 Hz).  For the 
corresponding 1800 MHz results, statistically significant increases in spectral power 
(p<0.05) were evident from two locations namely C4 (3, 11-13, 17, 18, 20-31 Hz) and 
P8 (2-6, 13-15, 17-31 Hz).  For the Bonferroni corrected results however significant 
outcomes were only evident from P8 at each discrete beta rhythm from 22-24 Hz and 
26-28 Hz. 
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In contrast to the EEG results, analysis of heart response and blood pressure did not 
indicate any significant findings during either RF exposure tested.  Table 8.1 indicates 
the mean and standard deviation of the median heart rate (R-R wave peak) and PTT of 
each of the five 4-minute trials (i.e. median of the five mean heart rates and PTTs 
resulting from the five 4-minute recordings) attained for each exposure mode (N = 
100).  Additionally a paired t-test analysis of the median samples of both trial measures 
(Sham vs. Exposure) was applied.  The resulting p-value outcomes and corresponding 
confidence intervals ( = 0.05) of these tests are further indicated in Table 8.1 below.   
 
 
 
 
 
 
 
 
 
 
 
 
 
8.7   Discussion  
Apart from the electrode locations P8 and C4 that will be discussed later, one 
interesting observation as seen in the EEG results is that ipsilateral (left-side) and 
contralateral (right-side) electrode position results appear to be strikingly similar 
(Figures 8.6 and 8.7).  That is, if the 900 MHz and 1800 MHz results for the recording 
sites on the left-side of the head (Figure 8.6) are to be superimposed respectively onto 
the results of the same counter electrode positions on the right-side (in respective 
exposures)(Figure 8.7), a striking resemblance between the median difference curves as 
 
                                                             Heart Rate (R-R wave)                Pulse Transit Time (PTT) 
 Mean ± SD (Sham) 1.07 ± 0.12 Hz 355.0 ± 43.1 ms 
 Mean ± SD (900 MHz) 1.07 ± 0.11 Hz 357.7 ± 37.0 ms 
 Mean ± SD (1800 MHz) 1.07 ± 0.13 Hz 357.3 ± 39.3 ms 
 95% CI; p-value (900 MHz) -0.021 to 0.020 Hz; p-value: 0.96 -11.1 to 5.8 ms; p-value: 0.54 
 95% CI; p-value (1800 MHz) -0.022 to 0.017 Hz; p-value: 0.96 -10.2 to 5.7 ms; p-value: 0.54 
 Table 1.  Shown are the resulting descriptive statistics of the heart rate and PTT analysis, where the ‘Mean’ represents the 
average median responses of the five mean heart rates and PTTs resulting from the five 4-minute recordings, as attained for each 
mode of exposure (N=100).  The respective 95% confidence limits and p-values are the result of the paired t-test analysis for 
mean difference between the Sham and Exposure median samples.  P-values were considered statistically significant at p<0.05   
8.1
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well as confidence limit plots can be observed.  In support of valid trends, this is not the 
case if the 900 MHz site results are compared with the 1800 MHz site results in the 
same manner.  One notable example of this observation, which may be shown to 
demonstrate an effect in the alpha band, can be seen if the ipsilateral 900 MHz results 
provided for P7, P3, and O1 (Figure 8.6) are respectively compared with the 
contralateral 900 MHz results shown for P8, P4, and O2 (Figure 8.7).  For all of these 
sites, a common EEG spectral power increasing tendency in alpha between ~ 8 - 10 Hz 
(indicated by the ‘median difference’ curve distinctly falling below the frequency axis), 
can be seen to be followed by a decreasing tendency in EEG power in alpha from ~ 10 
– 12 Hz (median difference curve rising towards or above the frequency axis).  A 
resultant alternating type characteristic is consequently clearly seen across the alpha 
band as indicated by the rectangular outlines in both Figures 8.6 and 8.7.  Notably, 
although as a less prominent result, this response can also be observed at 900 MHz at 
all frontal and temporal regions for both left and right hemispheres (Figures 8.6 and 
8.7).  This result is notably consistent with results shown at 9 Hz in the pilot 
investigation (Chapter 3), which demonstrated notable spectral coherence between 
hemispheres in the frontal, central, and occipital regions as indicated by decreased 
spectral power in differential recordings.  However, as these outcomes in the present 
study are clearly noticeable from almost each recording site but not necessarily 
observable to be statistically significant, it is proposed that only a notable proportion of 
the total population (N = 100) may be producing this response.   
One speculated explanation for the alternating response observed in alpha, is that a shift 
of the peak oscillatory power within the band is occurring during the 900 MHz 
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exposures.  More specifically, it appears that a peak shift from approximately 11 Hz to 
the 9 Hz rhythm is occurring.  Although to our knowledge such an effect has not been 
remarked upon, indications of mobile phone effects potentially elicited from both 
ipsilateral and contralateral sites surrounding the head in the alpha band have been far 
from uncommon [D’Costa et al., 2003a][Curcio et al., 2005][Croft et al., 
2002][Hinrikus et al., 2004][Croft et al., 2007][[Vecchio et al., 2007].  For example in 
2005 Curcio et al. [Curcio et al., 2005], reported on the effects of 902 MHz exposures 
pulsed at 217 Hz (0.25 W output) as observed from the EEG positions Fz (mid-frontal), 
Cz (mid-central), Pz (mid-parietal), and the temporal sites T7 and T8.  The exposure 
source was a mobile phone placed similarly in the left ear-mouth position and subjects 
(N = 20; divided in 2 groups) were seated with eyes closed.  Results of the investigation 
particularly indicated statistically significant increases in alpha rhythms 9 Hz and 10 Hz 
(Cz), and in 11 Hz (Pz).  Consequently Curcio et al. hypothesised that ‘the current 
resting EEG recorded on Cz and Pz, are the result of composite activity coming from 
bilateral areas, and that the possible effect of EMF exposure could be induced by a kind 
of spreading of RF power across the brain’.  Likewise, in a specific investigation of the 
alpha band Croft et al. [Croft et al., 2007][Hamblin et al., 2006] (N = 120) indicated 
that regional spectral power changes across alpha (8 – 12 Hz) occurred in both 
ipsilateral and contralateral hemispheres, and in further similarity to this study, 
demonstrated that increases were only present in a proportion of the participants (60%) 
exposed at rest (895 Hz pulsed at 217 Hz; 2 W peak).  Resultantly, Croft et al. suggest 
that ‘the effect of the phone is not homogeneous, and that it may be related to 
individual differences between the participants’.   
 172 
Apart from described 900 MHz outcomes, results as provided for the 1800 MHz 
exposure trials did not indicate any common abnormalities despite consistently similar 
graphical responses as earlier noted between hemispheres.  For example at 1800 MHz 
the ipsilateral site O1 (Figure 8.6) and the counter contralateral site position O2 (Figure 
8.7) both indicated median difference plots randomly near zero microvolts, 
demonstrating no irregular differences between sham and exposure.  Corresponding 
upper and lower confidence limit plots also appeared to correctly peak (within the alpha 
band), demonstrating the expectedly high spectral power difference variability for the 
eyes closed condition in occipital sites.   
Aside from indicated consistencies between hemispheres, predominant outcomes in the 
EEG were observed over specific brain regions such as for the P8 contralateral position, 
where an unusual amount of statistically significant increases in EEG spectral power 
were observed for both exposures.  To outline, at 900 MHz, increase findings were 
noted in all four EEG bands in up to 25 (p<0.05) and 16 (p<0.0047) of the 31 rhythms 
investigated, while at 1800 MHz significant increases were indicated at P8 in up to 23 
(p<0.05) and 6 (p<0.0047) of the total 31 spectral responses.  The statistically 
significant results for P8 are best represented by the highlighted rhythms as shown in 
the reproductions of Figure 8.7 below (Figure 8.8) (i.e. where corresponding upper 
confidence limits are observed to fall below the frequency axis). 
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Although not indicating as many statistically significant trends, the P8 neighbouring 
central position C4 also indicated unusually high tendencies toward EEG spectral 
power increases across the 2 – 32 Hz spectrum.  Strikingly, the results for C4 can be 
observed to indicate very similar median difference trends to P8 for both 900 MHz and 
1800 MHz exposures, as well as similar upper and lower confidence limit graphs 
(Figure 8.8), suggesting a related effect at both sites.  Moreover, unlike all other 
recorded sites, both C4 and P8 results are notably dissimilar to their ipsilateral counter 
side positions C3 and P7, though appear to represent a diminished and distorted form of 
them for both exposure trials (Figures 8.6 and 8.7).  Accordingly, it appears that there is 
one effect that statistically significantly increases spectral power over many rhythms 
mainly at C4 and P8 (at 900 MHz and 1800 MHz), and another independent effect that 
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as earlier described appears to modulate all sites at 900 MHz i.e. the effect noted across 
the alpha band. 
In line with similar changes between neighbouring recorded sites, commonly high 
statistically significant increase effects in the contralateral parieto-occipital region (O1, 
O2, P4, P8) may be particularly noted across the delta band (2 – 4 Hz) at 900 MHz 
(Figure 8.4).  In contrast to other studies however, which have indicated comparable 
experimental conditions to the present investigation, prominent contralateral side 
effects have not been noted [Röschke et al., 1997][Hietanen et al., 2000].  However, as 
it is safely assumed that these two particular studies by Hietenan et al. and Röschke and 
Mann implemented significantly lower SAR levels (as based upon reported exposure 
source details and position), it is suggested that relatively higher SAR levels as 
incorporated into this investigation may possibly account for described increase trends 
in spectral power noted on the contralateral side (1.56 W/kg at 900 MHz; 1.4 W/kg at 
1800 MHz).  Notwithstanding this however, it is speculated that the alternating median 
difference response across alpha band as described is not due to the SAR level but 
rather the 900 MHz carrier signal.  This view is deduced on basis that the same effect is 
not observable at 1800 MHz (as tested at a comparable SAR and pulse modulation) and 
that other studies have indicated possibly related alpha effects at 900 MHz at much 
lower SAR levels [D’Costa et al., 2003a][Curcio et al., 2005][Croft et al., 
2007][Vecchio et al., 2007].  Notably however, this conjecture opposes hypothesis by 
Regel et al. [Regel et al., 2007] who over ‘post-exposure’ waking EEG trials 
demonstrated that the GSM ‘pulse-modulating components’ as opposed to continuous 
wave (CW) signals tested may be responsible for resulting increase and decrease 
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spectral power changes from 10.5 - 12 Hz as indicated over time (900 MHz; peak SAR: 
1 W/g over 10 g). 
One final important note in results of the EEG were tendencies clearly seen peaking at 
both 900 MHz and 1800 MHz for all sites at ‘16 Hz’, though this effect is oddly apart 
from F4 (900 MHz) and F8 (1800 MHz) (see confidence interval diagrams – Figures 
8.6 and 8.7).  Most importantly however, at 16 Hz only a ‘decreasing’ tendency can be 
noted at 900 MHz and only an ‘increasing’ tendency can be noted at 1800 MHz.  While 
not understood, because these tendencies appear to oppose one another as depending 
upon exposure at similar SAR levels and pulse, the RF carrier component of these 
exposures is strongly speculated to be responsible for the amplitude modulation of this 
beta rhythm. 
Apart from investigation of RF effects on the EEG, heart function results were also 
noted (Table 8.1).  For these results, in both consideration of statistical strength (N = 
100) and statistically improbable differences indicated between sham and exposure for 
both heart rate (p = 0.96) and PTT (p = 0.54), it is speculated that there are no effects of 
either the pulsed 900 MHz or 1800 MHz exposures on heart rate, BPV, or heart rate 
variability (HRV) [Atlasz et al., 2006].  This result is in accordance with Tahvanainen 
et al. [Tahvanainen et al., 2004] who reported no statistically significant changes due to 
similar exposures of 900 MHz (1.58 W/kg) and 1800 MHz (0.7 W/kg) in measures of 
heart rate and blood pressure (using a sphygmomanometer) in 35-minute trials (N = 
32).  Aside from noted non-significant changes, in the present investigation a slight 
increase tendency (~2.5 ms) in the mean PTT was also observed for both exposures 
tested (Table 8.1), suggesting in consideration of the outlined confidence limits that a 
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possible decrease in blood pressure may occur in a low proportion of participants.  In 
amongst similar studies, this outcome may be most closely interpreted in line with 
Atlasz et al. [Atlasz et al., 2006] who in a pilot study also indicated that a minor 
proportion of the population may express distinct sensitivity in HRV to RF exposures 
(local max. SAR: 1.3 W/kg). 
 
8.8 Conclusion 
There are two important points that should be raised if effects as seen in the alpha band 
of this investigation are to be replicated:   
1. It is proposed to avoid averaging spectral power over the entire alpha band (8 – 
13 Hz) during analysis, particularly because increase tendencies (8-10 Hz) and 
smaller decrease tendencies (10 –13 Hz) as observed will presumably cancel or 
possibly appear falsely as a smaller remaining increased tendency.   
2. It is proposed to keep eyes closed during trials, particularly as the eyes ‘open’ 
condition is known to naturally diminish alpha spectral power [Fisch, 1999], 
which could likely scale down an already subtle effect. 
 
SAR level, is not speculated to be the cause of the observed alpha effect however, as 
discussed, it may be critical in causing amplitude modulated effects over to the 
contralateral region to exposure.  However, in consideration that the alternating median 
difference effect as observed across alpha can be most clearly identified at sites closest 
to the radiating antenna for 900 MHz exposures (i.e. at P7, P3, O1), the SAR level is 
speculated to be a factor which may enhance the effect.  In support of this, our past 
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findings and other related accounts have provided evidence of more pronounced effects 
closer to the radiating source [D’Costa et al., 2003a][Curcio 2005][Croft et al., 2007]. 
In summary, according to the present results both RF components of 900 MHz and 
1800 MHz appear to be critical in inducing common modulated responses in the resting 
awake EEG in all surrounding regions of the head.  However, these effects are notably 
more substantial at 900 MHz where a clear characteristic effect can be seen across the 
alpha band.  This effect is speculated to be due to the 900 MHz carrier signal, which as 
outlined may cause a spectral shift in the alpha peak.  Effects due to the 217 Hz pulse 
modulating component cannot be supported by this investigation.  Apart from alpha 
band effects, relatively higher SAR levels of exposure were shown to potentially induce 
significant increases in the resting EEG spectral power at mid-posterior contralateral 
sites to exposure by up to 5 V2.  However in contrast, investigation of resting ECG 
and blood pressure indicators did not appear to be significantly influenced by the pulsed 
900 MHz or 1800 MHz exposures, suggesting that autonomic nervous responses 
regulating heart and arterial vasoconstriction/vasodilation are not affected during 
mobile phone use. 
In conclusion, the present investigation indicates that there are short-term effects in 
brain wave activity corresponding to RF carrier signals as used in mobile phone 
operation.  As mechanisms that may produce these RF effects are not presently 
understood, further research to replicate this study and possibly develop experimental 
means to clarify the biophysical causes of similarly reported effects is considered vital. 
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Chapter 9 
 
 
Conclusions & Future Work 
 
 
In Chapter 8, several important original findings and observations were determined 
regarding the effects of both 900 MHz and 1800 MHz mobile phone exposures, 
particularly on the EEG.  These outcomes include: 
 
 An observed characteristic response in the EEG alpha band (8-13 Hz) as due to 
900 MHz exposures at almost all recording sites in both hemispheres.  Notably, 
the response did not appear at the 1800 MHz exposure tested.  This is the first 
‘characteristic’ response noted in amongst EEG studies reporting on effects of 
mobile phone exposures  
 An EEG effect due to both 900 MHz and 1800 MHz exposures notably appearing 
at 16 Hz from almost all recording sites.  Most importantly, at this beta rhythm 
only decrease tendencies in EEG power can be noted as due to the 900 MHz 
exposure, and only increase tendencies in EEG power can be noted as due to the 
1800 MHz exposure 
 Effects only due to the ‘RF’ components of 900 MHz and 1800 MHz appear to 
influence the EEG, and not the 217 Hz pulse component 
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 Effects at 900 MHz on the contralateral side to exposure, namely the central, 
temporal, parietal sites appear to indicate a common median difference response 
between sham and exposure EEG spectral power, which is not evident on the 
ipsilateral side to exposure.  This case demonstrates that a likely ‘neighbouring’ 
effect may be occurring across the contralateral region.  In addition, particularly 
in the temporo-parietal contralateral region, both 900 MHz and 1800 MHz results 
only appear to indicate statistically significant ‘increases’ in EEG power which 
span in up to 25 of the 31 EEG rhythms investigated (including delta, theta, alpha, 
and beta rhythms) 
 900 MHz or 1800 MHz exposures do not appear to alter heart rate, heart rate 
variability (HRV), or blood pressure variability (BPV).  This result appears to be 
consistent with most previously published research as indicated for heart and 
blood pressure responses    
 
In addition to this list of main outcomes the original research questions as outlined in 
Chapter 2 (Literature Review) are addressed:   
Research question 1 required to determine whether 1800 MHz mobile phone exposures 
could influence the EEG, ECG, or blood pressure measurements - Accordingly, it was 
determined that 1800 MHz exposures may importantly effect the EEG in particular 
increasing spectral power in the 16 Hz beta rhythm and furthermore increasing 
contralateral site EEG spectral power in central to posterior regions.  However, heart and 
blood pressure responses as investigated in terms of heart rate, HRV, and BPV did not 
appear likely to be affected at this exposure. 
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Research question 2 required to determine whether the position of a mobile phone 
corresponds to an influence in brain wave activity at adjacent recording sites – 
Accordingly, it was found in both the pilot study (Chapter 3) and the main experimental 
work (Chapter 8) that effects as noted in the alpha band did indeed appear strongest in 
EEG recording sites nearest to 900 MHz exposure sources, however the same effect did 
not occur for the 1800 MHz exposure tested.  Consequently, as both 900 MHz and 1800 
MHz exposures were tested at the same pulsed frequency of 217 Hz as well as similar 
SAR levels it is speculated that effects appearing strongest nearest to the exposure source 
may be implicated by the 900 MHz RF component alone. 
Research question 3 required to determine whether there were any significant changes in 
the EEG occurring over large sample sizes for the awake ‘closed eyes’ condition when 
the heads of test participants are placed within the near-field of a mobile phone exposure 
source – Accordingly, for the experiments conducted in the main study (Chapter 8), the 
experimental handset was positioned in an ear-to-mouth position, placing the heads of 
100 awake participants with eyes closed within the reactive and radiating near-field 
distance from the mobile phone exposure source.  As outlined in the summary of 
important findings above, significant changes did occur in the EEG as seen in all 
clinically significant bands particularly at the contralateral posterior regions to exposure.   
Research question 4 required to specifically determine whether mobile phone exposures 
cause statistically significant power increases or decreases in discrete EEG rhythms 
(rather than the clinically significant bands alone) over the distinct spectral range of 1 – 
32 Hz – Accordingly, in both the pilot study and the main investigation statistical 
analysis was conducted in 1 Hz increments across a ~1 – 32 Hz spectrum.  This analysis 
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was undertaken within a developed statistical approach as described in greater detail in 
Chapter 7.  One of the main results as recognised as being seen due to this approach, is 
the finding of a ‘characteristic’ median difference response between sham and exposure 
in the EEG alpha band (8-13 Hz) as observed from almost all recording locations at 900 
MHz.  This effect is an original finding and has not been identified by others yet it seems 
to be strongly in accordance with speculative claims regarding effects in the alpha band 
spectral range.  Another important finding was also that of spectral power increases or 
decreases at the 16 Hz beta rhythm.  However, what is interesting here is that only 
spectral power ‘decreases’ at 16 Hz occurred at 900 MHz while only ‘increases’ occurred 
at 1800 MHz.  This effect is seen for both exposures in 15 of the 16 electrode sites 
investigated.  This finding is particularly attributed to the graphical representations of the 
confidence intervals which appear to allow for this potential effect at 16 Hz to be 
uncovered. 
Research question 5 required to determine whether 900 MHz and/or 1800 MHz RF 
exposures close to the maximum allowable SAR limit for mobile phone usage influences 
brain wave activity (EEG) or heart responses – Accordingly, in the major study (Chapter 
8) the SAR level of the experimental handset was tuned to be close to the maximum 
allowable limit of 2 W/kg over any 10 gram of tissue (considering an uncertainty of 
±26.6 % in test measurements).  Notably, considering that no other comparable study has 
investigated SAR levels at this magnitude, it is speculated that the higher SAR levels may 
be responsible for the unique findings of common statistically significant increases and 
trends observed in contralateral neighbouring regions to the exposure source.  
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Research question 6 required to determine whether there is a short-term influence in the 
EEG, ECG or blood pressure during RF exposures from mobile phones – Accordingly, 
experimental protocol was particularly arranged in the main study to test short-term 
exposure periods during EEG, ECG, and PPG measurements.  Specifically, short-term 
periods did not exceed durations of 5-minutes, in any given trial.   Consequently, it is 
important to clearly note that all results provided by the experimental outcomes of this 
research are concerned only with short-term effects of either 900 MHz or 1800 MHz 
mobile phone exposures. 
Research question 7 required to determine whether 900 MHz or 1800 MHz mobile phone 
exposures are shielded by, or coupled to, EEG electrode recording leads to an extent 
where the peak spatial-average SAR or its location inside the head is considerably 
influenced – Accordingly, to address this point both practical and computational 
estimates of SAR (from exposures of the experimental handset) were determined in 
human head models with positioned electrode leads.  Main and novel outcomes of these 
investigations indicated that the peak spatial-average SAR may reduce or increase due the 
presence of the recording leads depending upon lead numbers and positioning as well as 
the length of the leads falling behind the head of test participants.  Nevertheless, noted 
changes in the SAR and electric-field distribution inside the head did not appear to be 
significant enough to reduce or increase levels to extents beyond expected magnitudes of 
mobile phone exposures. 
Research question 8 required to determine whether there are any corresponding effects in 
brain wave activity and heart responses such as between measures of the EEG and ECG 
due to mobile phone exposures – Accordingly, it may be noted that due to unlikely 
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effects occurring due to mobile phone exposures in measures of the ECG and blood 
pressure response, there does not appear to be potential for correlating effects in heart 
response to the measured effects observed in brain wave activity.   
 
In conclusion, in regards to future work, several major points of recommendation are 
suggested: 
 
 
1. A very limited amount of studies have been conducted on children to investigate 
mobile phone exposure effects on brain and heart activity.  Although it is 
understood that the brain response is not fully developed until adulthood, there 
appears to be no real physiological restriction in examining younger participants 
of the same age, for example, 50 male 13 yr olds.  Examining children for such 
effects is crucial particularly as it is possible that maturing brain at earlier ages 
could be more susceptible to adverse health consequences 
2. Investigation of longer duration times of continuous mobile phone exposures on 
test participants at rest is in need to be undertaken in both brain and heart 
investigations.  The present body of literature at best generally indicates outcomes 
of 30-minute continuous mobile phone exposures.  While these duration times are 
absolutely adequate for trials it would be interesting also to see the effects of 
mobile phone exposures on brain and heart activity at durations up to one hour or 
more.  In such a study, it would be recommended that vigilance activities such as 
auditory or visual tasks would need to be investigated and wisely incorporated 
during exposure times, in order to sustain consistencies in recorded brain and 
heart data 
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3. Based on the results contained within this thesis, the EEG rhythm 16 Hz is 
strongly outlined as a point of new interest for susceptibility to phone exposures.  
Consequently, it is recommended that the spectral power density within this band 
be robustly quantified in any future research.  In analysis, care should be taken not 
to just consider grand-averaging across EEG bands, which as explicitly indicated 
in Chapter 7, can most easily mask the potential RF effect at 16 Hz 
4. The alpha band in EEG studies is still raising ongoing concerns that a change is 
present in brain waves due to various mobile phone exposures.  Future work 
should focus on incorporating a rigorous high standard of statistical analysis, not 
yet consistently observed.  Replication of the statistical analysis proposed in this 
thesis is highly recommended 
5. Finally, a call for better RF dosimetry, larger sample sizes (at least 50 
participants), and double blinding, are all critical factors that need to be 
incorporated into future research to improve on the quality and integrity of 
outcomes in both brain and heart research.  Observation of Tables 2.1 – 2.4 within 
the thesis highlight these existing inadequacies  
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